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The Nebraska Game and Parks Commission (NGPC) has monitored greater prairie-
chickens (Tympanuchus cupido pinnatus) and plains sharp-tailed grouse populations 
(Tympanuchus phasianellus jamesi), collectively known as prairie grouse, since the 1950s using 
spring breeding ground counts. My research modeled long-term, species-specific spatial and 
temporal trends of prairie grouse abundance and potential environmental drivers in the Sandhills 
of Nebraska using NGPC’s historical monitoring data. Prairie-chicken populations have increased 
since the 1950s while sharp-tailed grouse populations have remained stable or slightly declined. 
These population trends arise in the context of a dynamic landscape. I created indices 
representing raptor predation and hunting pressure, cropland, hay and CRP acreage, cattle 
stocking rate, drought and winter severity, landscape-level factors known to influence prairie 
grouse populations via mechanisms supported in the literature. I used a Ricker population process 
model in a Bayesian state-space framework to explore the relationship between species-specific 
breeding ground count data and environmental covariates with a one-year time lag. I incorporated 
indicator variable selection into the model to determine which covariates most strongly influence 
population trends. The most competitive greater prairie-chicken model included negative density 
dependence (β = -0.003, SD = 0.000, BCI = -0.004 - -0.003) and a positive effect of increased 
precipitation during the previous spring (β = 0.046, SD = 0.021, BCI = 0.005 - 0.089) on 
population growth rates. The sharp-tailed grouse model that received the most support included 
negative density dependence (β = -0.005, SD = 0.001, BCI = -0.007 - -0.003) and a negative 
   
 
   
 
effect of increasing cropland acres (β = -0.084, SD = 0,041, BCI = -0.168 - -0.005). The effect of 
grazing was also strongly supported for both species. Although prairie-chickens and sharp-tailed 
grouse have traditionally been managed as a single species because of their similar resource 
needs, my findings suggest that prairie grouse conservation measures may be more successful if 
they are tailored to individual species. My study provides a framework for wildlife managers to 
use existing count-based monitoring records and free, publicly available environmental data to 
explore population drivers in addition to abundance trends.
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global model of each species surrounded by dashed lines delineating the upper and lower 
bounds of the 95% credible intervals. The dotted line at zero represents a growth rate 
when the population is stable. Growth rate values above that line indicate the population 
is increase and values below that line indicate the population is decreasing.  
Figure 6.4: Drought index trends prairie grouse in the Sandhills of Nebraska, USA, 
illustrating how the intrinsic rate of increase increases with increasing precipitation, 
represented by larger values of the drought index. The insets on the left and right show 
drought trends for sharp-tailed grouse and greater prairie-chickens respectively. The solid 
black trend line represents the mean drought covariate value from the global model of 
each species surrounded by dashed lines delineating the upper and lower bounds of the 
95% credible intervals. The dotted line at zero represents a growth rate when the 
population is stable. Growth rate values above that line indicate the population is increase 
and values below that line indicate the population is decreasing. 
Figure 6.5: Grazing index trends for prairie grouse in the Sandhills of Nebraska, USA, 
illustrating how the intrinsic rate of decreases in a negative quadratic manner for sharp-
tailed grouse (inset on the left) and increases in a positive quadratic manner for greater 
prairie-chickens (inset on the right). The solid black trend line represents the mean 
grazing pressure covariate value from the global model of each species surrounded by 
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dashed lines delineating the upper and lower bounds of the 95% credible intervals. The 
dotted line at zero represents a growth rate when the population is stable. Growth rate 
values above that line indicate the population is increase and values below that line 
indicate the population is decreasing. 
Figure 6.6: Mean intrinsic rate of increase values across all survey years (1956-2018) for 
prairie-chickens observed on the 20 breeding ground survey routes in the Sandhills of 
Nebraska, USA. Interpolation of growth rates between routes uses an inverse distance 
weighted (IDW) approach with a continuous scale ranging from the minimum (in yellow) 
to maximum (in dark blue) mean growth rate values across prairie grouse species 
constrained by the boundaries of the prairie-chicken’s range in Nebraska. 
 
1 
 
   
 
CHAPTER 1: EXECUTIVE SUMMARY OF STRUCTURE  
 
The story of prairie grouse in the Nebraska Sandhills is a tale best told using the 
pattern-process paradigm of ecology, a form which conveniently lends itself to a two-part 
thesis structure. The first half of my thesis focuses on the spatio-temporal patterns of 
abundance and production of the two species of prairie grouse that occupy the Sandhills, 
the greater prairie-chicken (Tympanuchus cupido cupido) and the plains sharp-tailed 
grouse (Tympanuchus phasianellus jamesi). Chapters 2 and 3 contextualize the species 
and the data from which the population trends arise, while the spatio-temporal patterns 
are presented in Chapter 4. As the term spatio-temporal suggests, population trends do 
not occur in isolation, but arise in state space defined in both space and time. Time 
constrains populations because abundance in any given year is dependent on the 
population size in the previous year, with growth restricted by reproductive physiology 
and density-dependent regulating factors. Populations also occupy a physical 
environment which may shape their growth through resource limitations and density-
independent factors, like weather. This physical environment is not static through time. 
The landscape of the Sandhills has changed since prairie grouse populations were first 
monitored there in the 1950s. Environmental stochasticity may help to explain variation 
in prairie grouse population trends in the Sandhills.  
In the second half of my thesis, I focus on the processes driving prairie grouse 
population trends, exploring the relationship between environmental variability and 
population growth rates. In Chapter 5, I quantify the changing nature of the Sandhills 
landscape from the perspective of a prairie grouse with an emphasis on predation 
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pressure, land use change and climate, known population drivers that influence growth 
through mechanisms supported in the literature. Chapter 6 connects the population trends, 
described in Chapter 4, to hypothesized drivers, quantified in Chapter 5. I present a 
mechanistic modeling framework where environmental covariates are used to explain the 
species-specific variation in prairie grouse population growth rates. Chapter 6 explores 
the potential of historical monitoring data to provide insight into population drivers as 
well as trends, a use outside of the intent of the original survey design. While these first 
paragraphs provide a brief overview of the overarching themes of my thesis chapters, the 
remainder of this executive summary describes in greater detail the structure and purpose 
of each chapter.  
Chapter 2 is a comparative analysis of the life histories of Nebraska’s two prairie 
grouse species — the greater prairie-chicken and plains sharp-tailed grouse — with an 
emphasis on research findings specific to the Sandhills. The first section of Chapter 2 
provides a detailed taxonomy of prairie-chickens and sharptails, as well as an overview of 
their historical and present-day ranges. Distributional data is coupled with subspecies 
population status reports for each range segment along with a summary of conservation 
threats to prairie grouse persistence. The remainder of the comparative analysis section 
focuses on the niche similarities and differences between sharptails and prairie-chickens. 
It gives special consideration to morphology, courtship behaviors, diet, movement, 
habitat use and the possibility of interspecific competition to provide biological context 
for why population trends and their drivers may differ between prairie grouse species in 
the Sandhills.  
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Chapter 3 recounts the history of greater prairie-chickens and sharp-tailed grouse 
in Nebraska with respect to population status, monitoring and management. It begins with 
a discussion of how the ranges of these two species have changed over time in Nebraska, 
emphasizing the cultural and environmental context that precipitated the shifts. While 
later portions of my thesis focus on the uncertainty surrounding population drivers post-
1950, this early section delves into known forces that shaped populations pre-1950 
including market hunting, early regulatory efforts, the Dust Bowl and rangeland 
management reform.  This section also describes the history and intent of monitoring 
prairie grouse in Nebraska. Prairie grouse monitoring protocols were developed shortly 
after a hunting season was reinstated in 1950 to ensure harvest was sustainable. Today, 
the enthusiasm surrounding hunting prairie grouse has declined and decades of 
monitoring data drive conservation-focused management decisions executed on regional 
scales, coordinated across political boundaries. The latter half of Chapter 3 describes the 
different streams of prairie grouse monitoring data that have been collected historically 
including breeding ground route, rural mail carrier, wing-ratio, small game hunter, and 
brood surveys. The chapter ends with a discussion of how data needs have shifted with 
management objectives and provides suggestions to update monitoring protocols while 
continuing to contribute to historical data streams. The purpose of Chapter 3 is to recount 
observations of population trends and their drivers before monitoring began to 
contextualize hypothesized drivers post-1955. The history of monitoring provides an 
overview of the sources of data available for this and further prairie grouse studies in 
Nebraska.  
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Chapter 4 presents the pattern of the pattern-process paradigm of ecology — the 
long-term abundance and production trends of prairie grouse in the Sandhills. Although 
prairie grouse monitoring data has been collected in Nebraska since 1955, the full 
timeseries of counts has never been aggregated. Using spring breeding ground survey 
counts as metrics of abundance and juvenile to adult wing ratios as a measure of 
production, I explore several different methods of conceptualizing species-specific 
population trends. Historically, monitoring data collected at different locations were 
treated as spatially-replicated samples representative of the Sandhills’ prairie grouse 
population. In Chapter 4, I construct pooled abundance and production indices for the full 
timeseries of monitoring data, studying the population trends in terms of raw counts and 
population growth rates. I compare these spatially aggregated trends to abundance and 
production trends at the finest spatial scale of data reporting. This is the route-level for 
breeding ground survey data and the county for wing-ratios. I then connect route and 
county-level data to geographic locations to produce spatially explicit analyses of 
abundance and production that capture range shifts and spatial relationships between 
abundance and production. The objective of Chapter 4 is twofold — to gain insight into 
long-term prairie grouse abundance and production trends in the Sandhills and to explore 
the untapped potential of historical population monitoring data to answer questions 
outside of the harvest management objectives put forth in the original protocol.  
Population trends do not occur in the vacuum of a static landscape, but rather 
populations deviate from a predictable trend as the result of environmental stochasticity. 
Chapter 5 attempts to capture the dynamic nature of the Sandhills landscape with a series 
of indices that quantify facets of the environment known to influence prairie grouse 
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abundance and production. The indices fall into three broad categories representing 
changes in predation pressure, land use and climate. Each index is rendered at the 
smallest spatial scale that permits geographic association with survey routes. The 
predation pressure indices detail threats to prairie grouse survival imposed by human and 
animal consumption of these birds as prey. The land use change indices quantify the 
change in intensity of economic activities in the Sandhills that may alter the quality and 
quantity of prairie grouse habitat. The climate indices quantify the magnitude and 
duration of route-level precipitation and temperature events that may impact prairie 
grouse reproduction and survival. Given that environmental data is not routinely collected 
as part of the prairie grouse monitoring protocol, the purpose of Chapter 5 is to 
experiment with existing data products to see if long-term timeseries of covariate data 
can be generated retroactively.  
Chapter 6 focuses on the processes that have shaped long-term prairie grouse 
population trends in the Sandhills by connecting spatially-explicit population growth 
trends from Chapter 4 to potential environmental drivers, described in Chapter 5, using a 
species-specific Ricker population model in a Bayesian state-space framework. The most 
important population drivers of greater prairie-chickens and sharp-tailed grouse are 
drawn from the data using an indicator variable selection approach. The objective of 
Chapter 6 is to determine if longitudinal population monitoring data with broad spatial 
coverage can be used to provide information about population drivers as well as 
population trends. Chapter 6 provides a modeling framework for resource managers to 
pair timeseries of prairie grouse counts with environmental indices derived from free, 
publicly available data sources to gain insight into population drivers using historical 
6 
 
   
 
data. The latter part of Chapter 6 connects important, species-specific population drivers 
that emerge from the results to management actions that will help ensure the persistence 
of both sharptails and prairie-chickens in the Sandhills of Nebraska.  
Prairie grouse populations in the Nebraska’s Sandhills have been assumed stable 
since monitoring efforts began in the 1950s, but long-term monitoring data has never 
been aggregated to support this assumption. My research rectifies the conspicuous 
absence of information on spatially-explicit prairie grouse population trends in Nebraska 
– the pattern – from the greater body of scientific literature. Knowledge of patterns of 
prairie grouse abundance and production in Nebraska cannot support conservation and 
management without an understanding of the processes that drive population change. 
Conservation of prairie grouse in the Sandhills is critical for species’ persistence, 
particularly for greater prairie-chickens because the largest remaining extant population is 
found in Nebraska (Johnsgard 2002). Understanding why prairie-chickens have 
performed better in Nebraska than throughout the remainder of their range may provide 
insight into what wildlife managers can do to halt this species’ decline. However, 
longitudinal studies designed with a focus on population drivers are rare. My research 
leverages the untapped potential of historical monitoring data to provide information on 
population drivers when combined with long term data sets that describe environmental 
covariates at similar spatial and temporal scales. 
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CHAPTER 2: A COMPARATIVE ANALYSIS OF PRAIRIE GROUSE 
Introduction 
Prairie grouse is collective term often used to refer to greater prairie-chickens 
(Tympanuchus cupido), lesser prairie-chickens (Tympanuchus pallidicintus), and sharp-
tailed grouse (Tympanuchus phasianellus) because of similarities in their morphology, 
life histories and ecological niches. Although a catch-all term like prairie grouse is 
beneficial for categorizing species by their general resource requirements, it minimizes 
the existence of important niche differences between species. Historically, wildlife 
biologists have embraced the similarities between prairie grouse species when developing 
management plans. The solutions they proposed were assumed to be collectively 
beneficial across species.  However, resource managers should consider that prairie 
grouse may have species-specific resource needs that are not being met by these 
collective management strategies. Understanding and addressing the species-specific 
needs of prairie grouse is particularly critical in regions where biologists must manage for 
the persistence of multiple species of prairie grouse in shared habitat.   
The Sandhills of Nebraska, a 50,000 km2 region of grass-stabilized sand dunes in 
the north-central part of the state (Figure 2.1), are home to two species of prairie grouse, 
prairie-chickens and sharp-tailed grouse. Each species is represented by a single 
subspecies, the greater prairie-chicken (T. c. pinnatus) and plains sharp-tailed grouse 
(T.p. jamesi).  For the purposes of this study, the collective term prairie grouse used in 
reference to Nebraska encompasses only these two subspecies.  The abbreviated names 
prairie-chicken and sharptail are used throughout this manuscript to reference greater 
prairie-chickens and sharp-tailed grouse, respectively.  
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While historically prairie-chickens and sharptails were largely allopatric, their 
ranges currently overlap in Nebraska and the Dakotas (Johnsgard and Wood 1968) 
(Figure 2.2). The Sandhills of Nebraska presently fall within the core of the range of the 
greater prairie-chicken and southern-most extent of the North American range of sharp-
tailed grouse (Figures 2.3 and 2.4). The ability of both species of prairie grouse to coexist 
with one another in the Sandhills suggests that these birds have occupied separate ranges 
throughout much of their history because of different resource requirements rather than 
interspecific competition induced by niche similarity.  
In Nebraska, prairie-chickens and sharptails are managed collectively as prairie 
grouse. Nebraska’s hunting regulations do not delineate between species (Nebraska 
Administrative Code 2016). Some forms of population monitoring data are also collected 
across species (Chapter 3). However, the population trends of prairie grouse in the 
Sandhills (Chapter 4) suggest that greater prairie-chicken populations have fared better 
than their congeneric counterparts. Differences in resource requirements and 
environmental thresholds of tolerance between species may help to explain the diverging 
population trends. While conservation measures specifically for the benefit of prairie 
grouse are not currently undertaken in Nebraska, a possible future need for action should 
prompt the consideration of species-specific resource requirements in the Sandhills and 
how that may influence management practices. 
Nebraska research and management have contributed to information that can be 
used in a comparative analysis of the morphologies, life histories and resource 
requirements of greater prairie-chickens and sharp-tailed grouse. Such information is 
important to highlight the species-specific differences between greater prairie-chickens 
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and sharp-tailed grouse that may preclude the use of a uniform management strategy for 
prairie grouse. Further, wildlife managers in the region may soon have to confront the 
challenge of trying to conserve two species with potentially competing resource needs in 
a single area of habitat.  
The material presented here shaped the prairie grouse-centric perspective from 
which I conceptualized environmental factors important to prairie-chickens and sharp-
tailed grouse, described in Chapter 5. It also underpins the hypothesized drivers of prairie 
grouse population growth rates in the Sandhills explored in a species-specific context in 
Chapter 6. 
A Comparative Analysis of Greater Prairie-Chickens and Sharp-Tailed Grouse 
Systematics, Distribution, and Population Status 
Greater prairie-chickens and sharp-tailed grouse are both members of the order 
Galliformes, family Phasianidae, and genus Tympanuchus (American Ornithologists’ 
Union 1982). The genus Tympanuchus consists of three species of new world grouse, the 
greater prairie-chicken (Tympanuchus cupido), the lesser prairie-chicken (Tympanuchus 
pallidicintus) and the sharp-tailed grouse (Tympanuchus phasianellus) (Pyle 2008). 
Members of the genus Tympanuchus are muscular, medium-sized, ground-nesting birds 
that live in grassland-dominated ecosystems. All three species engage in lek courtship 
displays, with males congregating in common areas to perform elaborately 
choreographed song and dance rituals hoping the earn the chance to mate with a female. 
The genus name Tympanuchus is derived from the Latin word for drum. It references the 
air sacs that adorn the necks of the males and produce a percussive sound when deflated 
during the mating display (Choate 1985). 
11 
 
   
 
The greater prairie-chicken has three recognized subspecies, two of which remain 
extant today. The heath hen (T. c. cupido) lived in the heathlands of the Atlantic coast 
before its extinction in 1932, a result of overexploitation and habitat degradation 
(Johnson et al. 2020). The Attwater’s prairie-chicken (T.c. attwateri) occupies the 
western Gulf Coast grasslands in Texas and is endangered as a result of habitat loss 
(Johnson et al. 2020). The greater prairie-chicken (T. c. pinnatus), the subspecies of focus 
in this study, historically occupied the tallgrass prairies of the central United States. 
Greater prairie-chickens moved west into the Great Plains “following the plow” as 
cropland agriculture expanded and provided a source of winter food (Johnsgard and 
Wood 1968). Despite the increase in the size of their range with the proliferation of 
agriculture, habitat loss due to grassland to cropland conversion has resulted in the 
extirpation of greater prairie-chickens from eight of the states they originally occupied 
(Johnson et al. 2020) (Figure 2.3). Populations are declining in five other states and 
considered stable in three, including Nebraska (Johnson et al. 2020). The greater prairie-
chicken is currently classified as vulnerable by the IUCN Red List (IUCN 2020). 
Populations have declined by an estimated 80% in the last three decades, likely the result 
of habitat loss from cropland conversion and reforestation, as well as habitat degradation 
due to livestock grazing (Johnsgard 2002).   
The lesser prairie-chicken, a bird with no recognized subspecies, was also 
afforded a vulnerable status by the IUCN Red List (IUCN 2020). The core of the lesser 
prairie-chicken’s range is found in southwestern Kansas and the panhandle of Oklahoma. 
Populations are declining in both states as a result of habitat loss and degradation 
(Johnson et al. 2020).  
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The sharp-tailed grouse has seven subspecies, six of which are extant. The 
northern sharp-tailed grouse (T.p. phasianellus) and northwestern sharp-tailed grouse 
(T.p. kennicotti) have a range limited to Canada (Connelly et al. 2020). The Alaskan 
sharp-tailed grouse (P.p. caurus) occupies northwestern Canada and central Alaska 
(Connelly et al. 2020). Three subspecies have ranges that extend from Canada into the 
continental United States. The Columbian sharp-tailed grouse (T.p. columbianus) is 
found in the sagebrush and bunchgrasses of Idaho, Wyoming, Colorado and Utah 
(Connelly et al. 2020). The prairie sharp-tailed grouse (T.p. campestris) occupies the 
forest and grassland mosaic found in areas of Minnesota, Wisconsin and the Upper 
Peninsula of Michigan (Connelly et al. 2020). The plains sharp-tailed grouse (T.p. 
jamesi), the subspecies of focus in this study, dwells in the mixed-grass and sandhills 
prairie of the Great Plains states (Connelly et al. 2020). The New Mexico sharp-tailed 
grouse (T.p. hueyi) was once found in small groups in the high plains of New Mexico and 
is now extinct (Connelly et al. 2020).  
Sharp-tailed grouse as designed a species of least concern by the IUCN Red List 
criteria, but their populations are noted to be decreasing (IUCN 2020). Although sharp-
tailed grouse have a larger present and historical distribution than prairie-chickens, they 
currently occupy less than half of their native range (Storch 2007, Hiller et al. 2019). 
Populations are relatively stable in the species’ northern range, but sharptails have been 
extirpated from Kansas, Illinois, California, Oklahoma, Iowa, Nevada, New Mexico and 
Oregon along the southern edge of their extent (Connelly et al. 2020) (Figure 2.4). 
Habitat loss to due to agricultural conversion is primarily responsible for the loss of 
sharptails from southern portions of their range. 
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Comparative Morphology 
Both prairie-chickens and sharptails are muscular, medium-sized birds with 
cryptically-colored brown plumage. Prairie-chickens are slightly larger than sharptails, 
but both species are sexually dimorphic with males being larger than females (Evans 
1968). Greater prairie-chickens have tan feathers with dark barring on their abdomen 
(Pyle 2008), while sharptails have white feathers with brown, v-shaped tips (Connelly et 
al. 2020). Overall, the contrast of the plumage is greater for sharp-tailed grouse with 
brown-black feathers on the wings, neck and back punctuated with white barring. Prairie-
chicken plumage tends to be dark brown with buffy-colored barring (Pyle 2008).  
Species are most easily distinguished by their tails. Prairie-chickens have short, 
rounded tails (Figure 2.5). Females have barring on all rectrices, while in males only the 
central tail feathers are barred (Evans 1968). Sharptails are named for their wedge-shaped 
tails with elongated, central rectrices that come to a sharp point (Keith 1962) (Figure 2.5). 
Similar to prairie-chickens, sharp-tailed grouse can also be sexed by their tails. Females 
have a white cross-barring pattern on their two central rectrices, while males have white, 
longitudinal stripes on the same feathers (Symington and Harper 1957, Evans 1968). 
Sharp-tailed grouse have white underparts that are prominent in flight (Connelly et al. 
2020), while prairie-chickens appear brown (Johnsgard 1973).  
Both male and female prairie-chickens have elongated, erectile pinnae feathers, 
which are absent in sharp-tailed grouse (Evans 1968) (Figure 2.5). The males’ pinnae 
feathers are twice as long as the females’ and serve a role in his courtship display (Baker 
1953, Johnson et al. 2020). Prairie-chicken males also have bright yellow-orange air sacs 
and eyebrows that are prominently featured in mating rituals (Evans 1968) (Figure 2.5). 
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The air sacs of male sharptails are violet in color (Evans 1968) (Figure 2.5). The prairie-
chicken has a longer bill and tarsus than the sharptail (Pyle 2008, Johnson et al. 2020). 
Both species have feathered tarsi, but sharptails have more feathering than their 
congeneric (Evans 1968). The feet are tan in prairie-chickens (Ridgway and Friedmann 
1946) and brownish-black in sharptails (Coues 1903).  
Courtship Displays  
Both prairie-chickens and sharp-tailed grouse are polygynous species with 
individual males often mating with multiple females (Emlen and Oring 1977). Pair bonds 
are constrained to copulations on the lek and only hens incubate nests and rear broods 
(Evans 1968, Johnson et al. 2020). Males compete for the opportunity to mate by 
engaging in elaborate courtship displays to attract the attention of females (Hamerstrom 
and Hamerstrom 1960). These displays take place on sites known as leks for prairie-
chickens or dancing grounds for sharptails (Evans 1968), which are often collectively 
referred to as breeding grounds. Breeding grounds are typically found on elevated sites, 
like knolls or ridgelines, with sparse vegetation (Kobriger 1965, Robel et al. 1970, 
Gregory et al. 2011). Males begin congregating on breeding grounds in the autumn when 
adults and juveniles compete for territories (Simpson 1984, Westemeier 1986). 
Territories in the center of the breeding ground are held by the most dominant males who 
receive the majority of copulations (Hammerstrom and Hammerstrom 1973). Younger or 
less-dominant males typically have territories at the margins of the breeding ground with 
some failing to establish any territory (Hammerstrom and Hammerstrom 1973). 
Courtship displays begin in the early spring and crescendo to a peak in mid-April in 
Nebraska (Powell et al. 2014).  
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While the number of males on display grounds is consistent over the course of the 
breeding season, the number of females varies based on the day of season (Nooker and 
Sandercock 2008). Lek mating is a system governed by female choice. While males 
display on the same lek daily during the breeding season to maximize their number of 
copulations, the majority of hens only mate once on a lek for each clutch of eggs that they 
lay (Hess et al. 2012). However, females may visit a lek multiple times or visit multiple 
leks before selecting a mate (Landel 1989). They choose a mate based on his fitness as 
conveyed through his position on the breeding ground and his courtship display (Fiske et 
al. 1998).  
The courtship displays of prairie-chickens and sharptailed grouse differ in some 
respects that may be critical to the accuracy of counts when these birds are surveyed on 
breeding grounds. Male prairie-chickens erect their pinnae feathers, thunderously stomp 
their feet in rapid succession, fan their tails and snap the rectrices shut with an audible 
click as part of an elaborate ritual display (Hammerstrom and Hammerstrom 1960). 
During this dance, males inflate and deflate their citrine air sacs, producing a deep, 
hollow, percussive bass note that can carry for up to a mile and is described as a 
“booming” sound (Hammerstrom and Hammerstrom 1960, Hjorth 1970). Males also 
make cackle, whoop and whine calls often in combination with flutter jumps, leaping into 
the air with wings flapping, spurred on by the presence of a female (Hammerstrom and 
Hammerstrom 1960, Sparling 1983).  
Sharp-tailed grouse have a slightly different song and dance. Sharptail males 
display with heads bowed, wings extended horizontally, and tails erect. Like prairie-
chickens, sharptails also stomp their feet, often while turning in a circle. The males jerk 
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their tails back and forth and the contact of the rectrices produces a rattling sound 
(Gratson 1992). The performance has active and relaxed phases with the sharptails 
dancing synchronously and then freezing before resuming their energetic display (Hjorth 
1970). Sharp-tailed grouse also use their air sacs to produce a call similar to the hoot of a 
great-horned owl during the courtship ritual that can carry for approximately one-half 
mile (Amman 1957). Vocalizations are secondary to dance in the sharp-tailed grouse’s 
courtship ritual, hence why their display sites are called “dancing grounds” (Evans 1968). 
Traditional prairie grouse survey methods rely on the detection of male vocalizations 
during the courtship ritual to locate breeding grounds. Sharp-tailed grouse may be more 
difficult to detect than prairie-chickens because they call less frequently and their 
vocalizations do not carry as far. 
Nesting and Survival 
Female prairie grouse initiate nests between mid-April and early June with peak 
hatch usually occurring sometime in mid-June (Robel 1970, Sisson 1976). Both species 
typically nest within 2 kilometers of the lek where they bred (Robel 1970, Drobney and 
Sparrowe 1977, Connelly et al. 2020, Johnson et al. 2020). Hens nest on the ground, 
forming a depression in a grassy or herbaceous substrate and lining the nest bowl with 
dried, residual vegetation and feathers (Gross 1930).  
The sites selected for nesting differ between species. Sharptails nest directly under 
or within close proximity to woody cover, when available, using patches of thick, tall 
residual cover when shrubs are absent (Sisson 1976, Meints 1991). Prairie-chickens 
select dense residual vegetation with vertical and horizontal structure for nesting 
(Hamerstrom et al. 1957, Kobridger 1964, Sisson 1976). Sites typically have high 
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percentages of grass and forb cover and little litter or woody vegetation (Matthews 2009, 
Anderson 2012). Residual vegetation remaining from the previous growing season is 
more important for nesting than new growth for both prairie grouse species because nests 
are initiated early in the growing season. The average height of standing cover at a 
greater prairie-chicken nest site in the Sandhills varies between 10.8 and 13 cm, which is 
significantly shorter than nesting cover used elsewhere in the species’ range (Blus and 
Walker 1966, Anderson 2012). The visual obstruction reading (VOR) which refers to 
concealment provided by vegetation was 7.1 cm at sharp-tailed grouse nest sites in the 
Sandhills (Vodehnal et al. 2020).  
The average clutch size of the first nest for both species is around 12 eggs with 
clutch size declining with subsequent renesting attempts if the first nest fails (Connelly et 
al. 2020, Johnson et al. 2020). Hens produce one brood per season and reproduction is 
highly variable between years (Hart et al. 1950, Robb and Schroeder 2005). Sharptails 
incubate eggs for 21 to 23 days, while the prairie-chicken incubation period is slightly 
longer, taking between 23 and 25 days (Hillman and Jackson 1973, Svedarsky 1988). 
Chicks of both species are precocial and leave the nest within 24 hours of hatching 
(Lehmann 1941). Sharp-tailed grouse achieve adult body mass by 12 weeks of age while 
prairie-chicken chicks take slightly longer to mature (Hart et al. 1950, Evans 1968). The 
primary cause of nest and brood failure for both species in predation (McNew et al. 2010, 
Hillman and Jackson 1973, McNew et al. 2010). Nest success fluctuates around 45% for 
prairie grouse in Nebraska (Matthews 2009, Anderson 2012). Production is thought to be 
a stronger determinant of population growth than adult survival for both species (Wisdom 
and Mills 1997, Akcakaya et al. 2004).  
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Annual survival rates for prairie-chickens and sharptailed grouse are around 50%, 
but vary widely by age, sex and location (Robb and Schroeder 2005, Connelly et al. 
2020). The average lifespan of a prairie grouse is around two years (Evans 1968, Robel 
and Ballard 1974). Adult mortality is also typically the result of predation with around 
two-thirds of losses resulting from mammalian predators and the other third coming from 
raptors (Collins 2004). On a spectrum of life history strategies from fast to slow, sharp-
tailed grouse are considered to be more r-selected, indicating they have a faster life 
history strategy characterized by shorter lifespans and higher reproductive outputs, than 
prairie-chickens.  
Food 
Prairie grouse feed on insects as juveniles, but transition to a predominantly 
herbivorous diet as adults (Edminster 1954, Jones 1966, Goddard et al. 2009). The diet of 
adult prairie grouse consists of insects, grain, seeds, greens, fruits, mast and buds 
(Edminster 1954). The proportion of the diet that each of these items comprises differs 
between species.  
The summer diet of greater prairie-chickens is heavy in insects and greens, while 
during the winter they consume mostly grain (Edminster 1954). Cultivated grains have 
allowed prairie-chickens to occupy habitat that was previously unsuitable because of 
insufficient food availability during the winter months (Mohler 1963, Kobriger 1965, 
Vodehnal 1999).  
 The summer diet of sharptails consists primarily of greens, fruits and seeds 
(Edminster 1954). During the winter, sharptails subsist on mast and buds (Edminster 
1954). In Nebraska, sharptails are not known to use waste grain as a food resource even 
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when it is available during the winter months (Swenk and Selko 1938, Martin et al. 
1951).  
Daily Movement and Home range 
Daily movements are the distances that prairie grouse travel over the course of a 
24-hour period to accomplish survival and reproduction tasks. The daily activity patterns 
of prairie grouse include feeding periods in the morning and evening, loafing during mid-
day and roosting at night (Sisson 1976, Robb and Schroeder 2005). A home range is the 
area of the landscape that an animal regularly occupies while fulfilling food, shelter, 
survival and reproductive needs (Burt 1943). Home range size is assessed by aggregating 
data on daily movements over a seasonal or yearly time interval. Changes in the length of 
daily movements correspond with changes in home range size for prairie grouse (Robel et 
al. 1970). Prairie grouse home range size varies with resource availability, which may 
change with habitat type or quality (Stinson and Schroeder 2012). Prairie grouse home 
ranges are typically larger in resource limited habitats (Marks and Marks 1987). Home 
range size may also vary in space and time as events like drought or overgrazing degrade 
habitat quality or resource availability changes with the season (McNew et al. 2017). 
 Prairie grouse home ranges are larger during the winter than during the breeding 
season. The length of movements and home range size also differs by sex and age. 
Females move farther and have larger home ranges than males, possibly because males 
such have such high site fidelity to their breeding grounds (Hamerstrom and Hamerstrom 
1949, Schroeder and Braun 1992). Juveniles typically move farther and have larger home 
ranges than adults (Schroeder and Braun 1992). However, home range size comparisons 
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should be interpreted cautiously because different studies often measure home range size 
differently. 
Sharp-tailed grouse in shrub-steppe habitat in Colorado, an environment similar to 
the Sandhills of Nebraska, had median home ranges of 246 ha in 2001, and 1,168 ha in 
2002 (Collins 2004). While there is no estimate of home range size for sharp-tailed 
grouse in Nebraska, birds trapped on display grounds were harvested in the fall at a mean 
distance of 0.475 km from their site of initial capture (Sisson 1976). The largest 
movements undertaken by prairie grouse are between rather than within seasonal home 
ranges, with the longest movements taking place between winter feeding and spring 
breeding ranges. Sharptails moved an average of 2.2 km between overwintering sites and 
spring dancing grounds (Sisson 1976). Sisson (1976) suggested that birds move less than 
5.8 kilometers from their capture location in a year based on mark-recapture data.  
Greater prairie-chickens also have small annual home ranges, conducting most 
activity within 5 kilometers of lek (Robb and Schroeder 2005). In Colorado, the mean 
size of a breeding season home range for adult greater prairie-chickens was 168 ha for a 
male and 320 ha for a female (Schroeder and Braun 1992a). Juvenile home ranges were 
642 ha and 450 ha for males and female respectively (Schroeder and Braun 1992a). 
Juvenile males have large home ranges than females because they may have to move a 
significant distance to successful establish a breeding territory of their own. Like 
sharptails, no specific information on home range size exists for greater prairie-chickens 
in the Sandhills of Nebraska. However, Mohler (1952) suggested that prairie-chickens in 
Nebraska needed more than 23 km2 of suitable habitat for survival.  
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Historical accounts suggest that prairie-chickens may once have been migratory 
species in Nebraska, moving in flocks from a breeding range in the Sandhills to 
southeastern Nebraska to overwinter (Keith 1963). These partially migratory birds were 
typically juveniles and females as males tended to stay close to their established 
territories (Keith 1963). Long-range movements of 50 km or more have not been 
observed in Nebraska since 1984, possibly due to waste grain supplementing otherwise 
limited winter food resources in the Sandhills (Morris 1984). However, in the northern 
Sandhills greater prairie-chickens were observed to move from contiguous grasslands to 
blocks of cropland during the winter months as recently as 2014 (Hiller et al. 2019 citing 
L. Powell and J. Smith unpublished data). Sharp-tailed grouse have not been observed to 
be partially migratory in the Sandhills (Kobriger 1965). Comparatively, prairie-chickens 
moved an average of 14 km throughout the year, 5 times farther than sharptails in the 
Sandhills, who moved 3 km on average (Hiller et al. 2019). 
To the frustration of many hunters, prairie grouse are easily startled and fly long 
distances when disturbed. Sharptails flush anywhere between 6 to 50 m ahead of a threat 
and will often travel nearly a kilometer before landing (Marshall and Jensen 1937, Hart 
1950). Prairie-chickens react even earlier, flushing when threats are as far as 119 m away 
in the prairies of Nebraska (Mohler 1952).  
Habitat  
While the two species of prairie grouse are often considered to have very similar 
ecological niches, historically their distributions were allopatric (Johnsgard and Wood 
1968). Prairie-chickens and sharp-tailed grouse likely did not occupy the same ranges 
because of subtle differences in habitat requirements. Greater prairie-chickens in 
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Nebraska are currently found in the tall and mixed-grass prairies of the south and 
southeast, as well as in the Sandhills prairie, the focus of this study (Figure 2.2) (Silcock 
and Jorgensen 2020). However, they are not native to the drier and more sparsely 
vegetated Sandhills (Figure 2.3). Greater prairie-chickens evolved in the wet, highly 
productive, tallgrass prairie ecosystem of the east-central United States (Johnsgard and 
Wood 1968). They moved into short and mixed-grass prairies only after the expansion of 
cropland agriculture (Johnsgard and Wood 1968).  
Sharp-tailed grouse evolved in the xeric, mixed, shortgrass and sandhills prairies 
of the west (Johnsgard and Wood 1968). Sharp-tailed grouse are currently found in the 
Sandhills and areas of the dry-steppe environment of the Panhandle (Figure 2.2) where 
they are a native species.  
Breeding and non-breeding season habitats of prairie grouse differ. During the 
breeding season, the resource needs of sharptails and prairie-chickens in the Sandhills 
diverge enough that they are considered to occupy different niche spaces (Hiller et al. 
2019).  Dissimilar habitat use is most noticeable in the selection of display grounds in the 
Sandhills. Throughout the greater prairie-chicken's range, including southeastern 
Nebraska, leks are located on higher-elevation sites, with short, sparse vegetation 
(Matthews et al. 2013). However, in the Sandhills, Kobriger (1965) found that 76% of 
leks were in low-lying wetland range sites, likely because haying practices result in short 
vegetation in subirrigated meadows.  
In contrast to prairie-chickens in the Sandhills, sharp-tailed grouse dancing 
grounds are located on elevated sites. Sharp-tailed grouse were found farther from the 
lowland subirrigated meadows during the breeding season than expected by chance 
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(Hiller et al. 2019). Sharptails spent most of their time during the spring display period in 
the uplands associated with sands ecological sites (Hiller et al. 2019). Sisson (1969) 
found that sharptail leks in the Sandhills were often located near windmills, ostensibly 
because cattle traffic at water sources led to open areas with sparse vegetation.  
The use of different habitat types for display sites by prairie grouse in the 
Sandhills suggests that even within a shared range, habitat use may be spatially 
partitioned. The topography of the Sandhills results in subirrigated meadows and uplands 
in close proximity accommodating the resource needs of both prairie grouse species and 
allowing for mutual subsistence.   
While Sandhills’ prairie grouse are considered to occupy different niches during 
the breeding season, both species spend the majority of their time in the same type of 
habitat. Hiller et al. (2019) found that sharptails and prairie-chickens were most 
frequently located within sands ecological sites during the breeding season, the most 
common habitat type in the Sandhills characterized by upland prairie and rolling hills. 
Sands sites are common habitat for nesting and brood rearing, although greater prairie-
chickens may also sometimes use subirrigated meadows for these activities (Powell et al. 
2014).  
The structural characteristics of nest sites and compositional attributes of brood 
habitat are similar between species. Nest are typically placed in dense, structurally-
diverse patches of residual cover that provide concealment and protection from the 
elements for the hen and her nest, but still permit unobstructed escape in the event of a 
predator (Connelly et al. 2020, Johnson et al. 2020). Brood habitat typically has a high 
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percentage of forbs because they support the abundant insect populations on which the 
young chicks depend (Sisson 1976).  
Prairie grouse in the Sandhills have similar non-breeding season niches (Hiller et 
al. 2019). Both species were found predominantly within sands ecological sites in sand 
prairie, similar to the breeding season (Hiller et al. 2019). However, sharp-tailed grouse 
frequently used sites at higher elevations than prairie-chickens leading to some 
partitioning of the species even when both were found in the same habitat type (Hiller et 
al. 2019).  
The vegetative species composition of habitat used by prairie grouse often differs 
between species. Sharptails inhabit areas with a greater presence of woody cover than 
greater prairie-chickens (Ammann 1957).  Sharptails use trees and shrubs, along with 
dense residual vegetation for roosting, feeding and escape cover, particularly during the 
winter months (Sisson 1976).  Greater prairie-chickens avoid trees because they are used 
as perches by raptors, common grouse predators, with negative consequences for survival 
(Svedarsky et al. 2003, Toepfer 2007). Prairie-chickens have been observed to use the 
woody cover of shelterbelts and river bottoms during heavy snowstorms in Nebraska 
(Orendurff 1941, Mohler 1952).  
Prairie grouse overwinter in habitats that provide adequate food during a season 
of scarcity as well as cover that can help to mitigate the effects of predation risk and 
severe weather. The winter habitat of greater prairie-chickens consists of roosting cover, 
often dense residual vegetation, juxtaposed with cropland that provides waste grain as a 
source of supplemental food (Mohler 1952).  Sharp-tailed grouse also seek cover in dense 
brush and residual vegetation during the winter months but aren’t reliant on cropland 
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components in the landscape (Sisson 1976). Both species will roost under deep snow, if 
available (Toepfer and Eng 1988).  
Competition 
Sharp-tailed grouse and greater prairie-chickens occupy very similar ecological 
niches as ground-dwelling upland game birds in prairie environments. These two species 
held allopatric ranges throughout much of their history, but recently have come to co-
exist in a few places, one of which is the Nebraska Sandhills (Johnsgard and Wood 
1968). The absence of historical overlap in the distribution of prairie-chickens and 
sharptails is either the result of interspecific competition for shared resources or niche 
differences that preclude coexistence in the same area of habitat.  
Early arguments favored interspecific competition between prairie-chickens and 
sharptails as the primary driver of prairie grouse distribution. Ammann (1957), in his 
observation of a transition of dominance from greater prairie-chickens to sharp-tailed 
grouse on a portion of shared landscape in Michigan, believed that the speed with which 
the change occurred was evidence of interspecific competition leading to competitive 
exclusion.  
However, intensive behavioral studies suggest that the mechanism driving the 
allopatric distribution of prairie-chickens and sharptails is the presence of environmental 
factors that segregate species through niche differences. In Nebraska, Sharp (1957) 
observed that in conflicts between sharptails, ring-necked pheasants (Phasianus 
colchicus) and prairie-chickens, sharptails were always socially dominant. Prairie-
chickens were never victorious in aggressive interactions with the other two species and 
were noted to concede feeding areas to pheasants (Sharp 1957). However, sharp-tailed 
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grouse were tolerant of both pheasants and prairie-chickens. Sharptails were often seen 
feeding in mixed flocks alongside prairie-chickens (Sharp 1957). The two species also 
have been observed to perform courtship rituals side by side on the same display ground 
and do hybridize (Sparling 1980). The absence of documented aggressive interactions 
between the two prairie grouse species suggests the role of interspecific competition in 
driving an allopatric distribution is limited. The more likely cause is that there are subtle 
niche differences between prairie-chickens and sharp-tailed grouse and resource needs 
are not often met in the same area of habitat. Niche differences between prairie grouse 
species merit further exploration because of conservation implications, including the 
potential need for species-specific management in shared ranges.  
Conclusion 
While prairie-chickens and sharp-tailed grouse in the Sandhills have similar 
resource needs, it is their niche differences that may result in disparate population 
outcomes under identical environmental conditions. The location of Sandhills’ prairie 
grouse populations within their respective ranges may also influence the abilities of 
prairie-chickens and sharp-tailed grouse to respond to environmental change.  Sharptails 
reach the southern-most extent of their distribution in the Sandhills and approach 
physiological limits of tolerance in this landscape. Habitat at the edge of a species’ range 
is often marginal and may fail to consistently meet the resource needs of these birds.   
Even small changes in climate, land use and predator communities in the Sandhills may 
push sharptails beyond their limits of tolerance and cause populations to decline.  
Prairie-chickens may also be near their threshold of physiological tolerance, 
despite populations doing better in Nebraska than other areas of their range. Prairie-
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chickens colonized the Sandhills only after the expansion of cropland agriculture. 
Historically, these birds did not occupy the Sandhills because of a scarcity of food during 
the winter months. Prairie-chickens may approach resource limitations more rapidly in 
their acquired Sandhills range than would have occurred in their native habitat.  
Although the Sandhills of Nebraska now serve as the core of the prairie-chicken's 
North American range, population size alone may not be representative of habitat quality. 
The vegetation of the Sandhills is very different from the tallgrass prairies where this 
species evolved. While agricultural expansion allowed prairie-chickens to colonize 
previously unused habitat in the Sandhills, it also led to the destruction of their native 
tallgrass prairie range in southeastern Nebraska. Habitat loss necessitated the prairie-
chicken's range shift into the Sandhills which may constitute marginal habitat for these 
birds. Changes in the landscape and climate could make the Sandhills more or less 
habitable for prairie-chickens depending on if they alleviate or further exacerbate 
resource limitations.  
Yet, given that the Sandhills now support the largest extant population of greater 
prairie-chickens, the habitat may no longer be marginal for these birds.  Environmental 
changes that have taken place in the Sandhills over the past 100 years may have resulted 
in a landscape where prairie-chickens do not routinely approach their physiological 
limitations. It is possible that given the short generation time of upland game birds that 
the physiological limitations of prairie-chickens have also shifted. Over time, the species 
may have become better suited to the Sandhills habitat they occupy. Their populations 
may be easier to maintain than sharptails in a changing environment because prairie-
chickens are farther from their limits of physiological tolerance at the core of their range. 
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However, given that their distribution has contracted more that sharp-tailed grouse, it 
may also mean that prairie-chickens are less adaptable than their congeneric counterpart 
even near the core of their distribution (Flake et al. 2010, Hiller et al. 2019).  
An improved understanding of how the resource needs of greater prairie-chickens 
and sharp-tailed grouse differ in the Sandhills will provide insight into the extent to 
which congenerics can be managed as prairie grouse rather than individual species. It will 
also help wildlife managers to develop species-specific management plans, if necessary, 
to facilitate the continued persistence of both species of prairie grouse in shared range. 
However, special consideration should be given to where the Sandhills populations fall 
with respect to their broader distribution. Species at the margins of their distribution may 
be approaching their limitations of physiological tolerance and even small environmental 
changes could lead to population declines not easily be corrected through management.  
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Figure 2.3: Historical and present-day distribution of the greater prairie-chicken in North 
America. From Schroeder et al. (2004).  
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Figure 2.4: Historical and present distribution of sharp-tailed grouse in North America. 
From Schroeder et al. (2004). 
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Figure 2.5: Comparative morphology of two species of prairie grouse, the sharp-tailed 
grouse and greater prairie-chicken. Adapted from South Dakota Department of Game, 
Fish and Parks (2011). 
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CHAPTER 3: A HISTORY OF PRAIRIE GROUSE AND THEIR MONITORING IN 
NEBRASKA 
Introduction 
Historical records provide insight into how changes in Nebraska’s landscape as 
well as the environmental ethics of those occupying the land may have converged at 
different points in time to help or hinder prairie grouse population growth. Such records 
are valuable given the limited research that is available to inform managers about the 
drivers that shape prairie grouse populations in the Sandhills. Although state wildlife 
agencies have only been actively monitoring prairie grouse populations since the 1950s, 
these species have been unofficially monitored in the journals of explorers and pioneers 
and records of sale for much longer. Some of these same records also document shifts in 
the natural and human landscape of Nebraska that were correlated with prairie grouse 
population change. The observed past relationships between prairie grouse and their 
environment inform my present hypotheses on the constraints of climate, predation 
pressure and land use change on prairie grouse population growth in the Sandhills. 
The first half of this historical summary is a brief, descriptive account of greater 
prairie-chicken and sharp-tailed grouse populations in Nebraska in the context of an 
evolving natural, social, and political landscape. While the history of these species in 
Nebraska has been documented independently (Sisson 1976, Vodenhal 1999), as well as 
collectively across their range (Evans 1968, Johnsgard and Wood 1968), this report 
provides a comparative history of prairie-chickens and sharptails in Nebraska that is 
conspicuously absent from the literature. This information merits inclusion in my work 
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because it provides historical justification for hypothesized, species-specific prairie 
grouse population drivers from 1950 until present. 
The second half of the historical summary offers a detailed account of prairie 
grouse monitoring in Nebraska by state and federal agencies from 1950 until present. 
While pieces of this information are available in state reports, to date there has been no 
synthesis of this material to document the change in monitoring practices over time. This 
history of prairie grouse monitoring and management provides documentation of archival 
data available for my project and for future ecological research. My chronological 
account also illustrates shifts in prairie grouse management objectives over time. It 
describes how monitoring protocols have been adapted to provide continuity of historical 
data streams as well as gather new information about the relationship of prairie grouse to 
their environment.  It is my hope that that most recent monitoring protocols summarized 
here can be improved with informed recommendations derived from my research. 
A Historical Review of Greater Prairie-Chicken and Sharp-tailed Grouse 
Populations in Nebraska 
The historical distribution of prairie grouse in Nebraska is poorly documented 
before settlement by pioneers. Sharp-tailed grouse are thought to have occupied much of 
the state with the exception of the tallgrass prairie in the southeastern corner that 
supported a small population of greater prairie-chickens (Sisson 1976). While prairie 
grouse were present on the landscape, prior to 1850 their abundance in Nebraska was 
limited (Vodehnal 1999). Early explorers that left written accounts of the fowl they saw 
and harvested during their travels rarely mention interacting with prairie grouse in 
Nebraska (Vodehnal 1999). Pioneers following the Oregon, Mormon and Denver trails 
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west through the state in the 1830s and 40s didn’t describe the experience of seeing or 
consuming prairie grouse in Nebraska in their journals and correspondences (Vodehnal 
1999). The Plains Indian tribes of Nebraska did use prairie grouse for food and 
ceremonial ornamentation, although the extent to which these species contributed to their 
diet is unknown (Sisson 1976). However, prairie-chickens were a species of cultural 
significance to the Native Americans. One of their most sacred dances, the “chicken 
dance” is an interpretation of the prairie-chicken’s spring mating display, performed to 
honor the lives of birds harvested from the lek (Sisson 1976).  
Following Nebraska’s ratification as a state in 1867, homesteaders quickly 
populated nearly all the uninhabited land with the exception of the Sandhills (Johnsgard 
1995). With the influx of settlers between 1875 and 1890 came an increase of crop 
production on small farms. Prairie-chicken populations “followed the plow” from the 
east, thriving in landscapes with a mosaic of small crop fields and prairie and expanded 
their range north and west to the margins of the Sandhills (Evans 1968, Johnsgard and 
Wood 1968). The waste grain produced by small farms provided an important source of 
winter food for prairie-chickens in grassland that had previously been uninhabitable due 
to seasonal food limitations (Vodehnal 1999). Sharp-tailed grouse populations retreated 
before the plow, the conversion of grassland to cropland representing a loss of habitat 
(Sisson 1976). Sharptails were extirpated from southcentral Nebraska by agricultural 
development and their range became confined primarily to the Sandhills.  
The Sandhills, a region of grass-stabilized sand dunes in northcentral Nebraska, 
escaped the early wave of settlement. The dry, sandy soil and hilly topography was 
difficult to cultivate and agriculture development proved untenable on the traditional 160-
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acre homestead (Johnsgard 1995). Sharptails and prairie-chickens both found refuge from 
rapid land-use change in the Sandhills, sharptails in the central and western parts and 
prairie-chickens on the eastern margins. 
Prairie grouse abundance in Nebraska peaked during the 1860s and 70s amid the 
homesteading rush and accompanying conversion of grassland to cropland (Vodehnal 
1999).  The detrimental effects of habitat loss were outweighed by the benefits of a 
diverse landscape matrix that provided abundant food and ample cover in close 
proximity. Upland game birds soon became a staple of the settlers’ diet (Sisson 1976). 
The establishment of railroads in Nebraska opened up access to markets in the east where 
prairie grouse were in high demand. Market hunting quickly became one of the most 
profitable ventures in the state with Chicago dealers paying $4.00 a dozen for prairie-
chickens in the late 1800s (Schildman and Miller 1956). Individual hunters were killing 
up to 200 birds a day with relative ease (Vodehnal 1999). In 1874, an estimated 300,000 
prairie-chickens were harvested for market from counties in eastern Nebraska (Aughey 
1878). This number only represents birds shipped to market while undoubtedly thousands 
more were harvested for local consumption.  
Large harvests by market hunters, the intensification of agriculture, and periods of 
drought that reduced habitat quality led to noticeable declines in prairie grouse 
populations. In 1877, some of the first wildlife legislation in the nation was enacted in 
Nebraska to ban the trapping, market hunting and public sale of prairie-chickens 
(Vodehnal 1999). Although the law proved unenforceable in practice, its passage 
signified a growing awareness of the significant impacts of human activities on wildlife.  
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The Kinkaid Act of 1904 brought further changes the Nebraska landscape. The 
act increased landholdings an individual homesteader was able to claim from 160 to 640 
acres (65-259 ha) within the boundaries of the Sandhills (Johnsgard 1995). The purpose 
of the Kinkaid Act was to make cultivation or ranching more feasible on the poor soil by 
compensating for low yield with additional land area. Kinkaiders, as the settlers were 
known, flocked to the Sandhills and attempted to start farms. The prairie-chickens 
followed. As prairie-chicken populations increased, market hunters made incursions into 
the Sandhills with the aid of motor vehicles that would allow them to transport birds a 
greater distance for sale (Vodehnal 1999). Even with larger landholdings, cropland 
agriculture in the Sandhills was not profitable and many Kinkaid farms failed. The 
homesteads were consolidated into large ranches for cattle grazing. As cultivated grains 
dwindled, so did the number of prairie-chickens.  
Outside of the Sandhills, World War I necessitated an increase in food production 
to support American and allied soldiers (Vodehnal 1999). The remaining grassland 
acreage in the southcentral and southeastern portions of the state was plowed up and 
planted. While agriculture had initially led to the expansion of the range of the greater 
prairie-chicken, intensification of farming practices, coupled with market hunting, led to 
their extirpation from southeastern Nebraska by the 1920s. Remnant populations 
occupied the southern and eastern margins of the Sandhills where prairie was interspersed 
with cropland (Sisson 1976).  
As the profitability of market hunting decreased with dwindling game 
populations, the practice was largely abandoned in the state. By 1929, a moratorium was 
placed on all prairie grouse hunting in Nebraska (Sisson 1976, Vodehnal 1999). While 
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the elimination of the threat of harvest offered prairie grouse populations some reprieve, 
the Dustbowl droughts of the 1930s degraded the quality of their remaining habitat. Dry 
conditions reduced vegetation production, limiting the availability of nesting cover 
(Sisson 1976, Vodehnal 1999). Drought also reduced insect populations that make up the 
majority of the diet of juvenile birds (Vodehnal 1999). Reduced nest success and chick 
survival led to poor prairie grouse production.  
Vegetation in the xeric Sandhills prairie was more drought-tolerant than the 
mesic, tallgrass prairies to the south and east. Cattle producers from the surrounding, 
drought-stricken states sent their animals to the Sandhills to graze in an effort to prevent 
them from starving. Ranchers overstocked the Sandhills rangelands and the cattle 
denuded the landscape, leaving little vegetative cover to support prairie grouse 
(Viehmeyer 1941). By 1937, prairie-chicken and sharp-tailed grouse populations had 
plunged to an all-time low. That same year, the Soil Conservation Service enacted 
rangeland management reforms rectifying many of the management practices that 
contributed to overgrazing (Sisson 1976, Viehmeyer 1941). The drought subsided and 
rainfall once again saturated the parched soils. Prairie grouse populations in the Sandhills 
began to rebound with the vegetation. 
A Historical Review of Prairie Grouse Monitoring in Nebraska 
Early Monitoring 
By the late 19th century, there was a growing consciousness among Nebraskans of 
the impact of humans on the natural environment.  With awareness came a desire to 
mitigate some of the detrimental anthropogenic effects, especially on resources that were 
essential to survival and economic prosperity. In 1901, the Nebraska Game and Parks 
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Commission (NGPC) was founded to act as a steward of the states’ fish, wildlife, land 
and natural heritage for the benefit of present and future generations. The monitoring and 
management of prairie grouse on state lands in Nebraska fell within their purview as a 
wildlife resource held within the public trust. On Nebraska’s federal lands, the U.S. Fish 
and Wildlife Service and U.S. Forest Service were responsible for the monitoring and 
management of prairie grouse on national wildlife refuges and national forest lands 
respectively.  
The first informal monitoring of prairie grouse status in Nebraska was conducted 
by Viehmeyer (1941). He counted the number of prairie-chickens and sharp-tailed grouse 
he observed along the roadside while driving through Holt, Rock, Brown and Keya Paha 
counties. Comparing the number of birds he saw in 1935 to counts from 1940 and with 
input from local farmers, ranchers and sportsman, Viehmeyer (1941) estimated that 
prairie grouse populations had increased by 400-500% over 6 breeding seasons (Sisson 
1976, Vodehnal 1999). Although Viehmeyer’s methods were rudimentary, similar 
roadside surveys are still used to estimate prairie grouse population change in Nebraska 
today.  
The need for formal prairie grouse monitoring in Nebraska was first promoted by 
Levi Mohler (1943) as part of a state-wide research initiative to increase prairie grouse 
numbers. Monitoring efforts were primarily the responsibility of the NGPC, the state 
agency, in cooperation with federal agencies. Range maps were developed for prairie-
chickens and sharptails based on landowner interviews and observational surveys (Sisson 
1976). Beginning in 1941, landowners were recruited to complete a mailed questionnaire 
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about the status of wildlife populations on their property (Sisson 1976). This 
questionnaire provided statewide prairie grouse trend data through 1954.  
In an effort to validate the prairie grouse monitoring data collected at coarse 
spatial scales, the NGPC also conducted a nearly complete census of prairie grouse 
populations on a tract of land in the birds’ core range.  In 1942, the Keystone Study Area 
was established in Keith County for the purpose of conducting the first intensive, 
localized monitoring study of prairie grouse in Nebraska (Miller 1957). Counts, and sex 
and age ratios from the Keystone Study Area were found to provide information similar 
to the statewide surveys. The more time and labor-intensive localized monitoring efforts 
were discontinued for this reason.   
Early attempts to monitor prairie grouse were rudimentary compared to the counts 
performed today. However, modern monitoring protocols are still reminiscent of the 
basic ideas and techniques demonstrated in these first surveys. While monitoring 
practices have evolved with advances in technology and provide greater spatio-temporal 
coverage than historical surveys, they remain steeped in strong elements of tradition.  
Rural Mail Carrier Surveys 
One of the early and enduring challenges of wildlife monitoring has been 
retaining adequate manpower to conduct large-scale population surveys. Collecting 
abundance data at broad spatial scales is essential to the mission of state agencies who 
must manage wildlife across an entire state. One solution has been to engage citizens as 
collaborators to assist in data collection. The rural mail carrier survey is one of the 
earliest formalizations of citizen science.  
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In 1944, rural mail carriers were recruited to help with a state-wide wildlife 
survey (Sisson 1976). While driving for their daily deliveries from middle-July through 
the end of August, mail carriers were asked to tally the wildlife they observed during 
three, two-week periods. The collective observations of all carriers were totaled across 
the entire distance driven to produce an index of species’ abundance (Robertson 1966). 
Rural mail carrier data for prairie grouse in Nebraska from prior to 1983 is largely 
disregarded because collection practices differed from modern protocols.  
Today, surveys are conducted for four days in April, July and October and prairie 
grouse results reported by management region (Jeff Lusk, NGPC Biologist, personal 
communication). The rural mail carrier index does not distinguish between prairie-
chickens and sharp-tailed grouse because of their similar appearance and use of untrained 
observers to conduct the survey. It therefore serves as an index of total, rather than 
species-specific, abundance. Even in the absence of species-specific information, the 
spatial and temporal scale of rural mail carrier survey data make it a valuable tool for 
tracking relative changes in abundance.  
Spring Breeding Ground Surveys  
Resource managers also understood the importance of monitoring prairie-
chickens and sharp-tailed grouse separately given that the two species had very different 
population trajectories in Nebraska during the mid-20th century. Sharptails were initially 
much more abundant than prairie-chickens when monitoring efforts began. Differences in 
abundance between populations point to a need for species-specific management which 
requires the collection of species-specific monitoring data. Spring breeding ground 
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counts were designed to provide information on sharptails and prairie-chickens 
individually, rather than collectively as prairie grouse.  
In 1945 and 1946, Mohler (1943) conducted preliminary spring breeding ground 
surveys, driving 20-mile lengths of rural roadways and performing listening stops at one-
mile intervals. The locations of display grounds identified by bird vocalizations were 
marked on a map. Observers returned to these locations on a second day to count the 
number of male birds present.  In 1955, this survey was expanded state-wide (Figure 3.1) 
and became the primary source of data on species-specific prairie grouse abundance 
(Miller 1957). 
Prairie grouse abundance was estimated using area assumptions about transects to 
calculate bird density. Transects were considered to be 40 square miles (104 km2) in area 
given that a survey route was 20 miles (32 km) long and prairie grouse vocalizations 
could be heard at a distance of up to one mile on a calm morning. A defined transect area 
allowed for an estimate of prairie grouse density per 40 square miles (104 km2) of habitat. 
When averaged across all transects and scaled up to reflect the total area of a species’ 
range in Nebraska, this derived metric was treated as an approximation of abundance. 
However, survey routes composed less than 1% of the birds’ breeding range. Resource 
managers determined that the small sampling area in combination with the high 
variability between individual routes and years rendered this data best used as an index. 
Current biologists at the NGPC still abide by that precedent and treat breeding ground 
survey data as species-specific population indices.  
Prairie grouse breeding ground surveys provide broad spatio-temporal coverage 
of species-specific abundance trends with the caveat that the data collection practices 
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have evolved over time. In the early days of the survey, transects were removed from the 
spring breeding ground survey protocol if populations in the survey area were deemed 
too small to be huntable and added if harvest was thought to be tenable in a new region 
(Miller 1957). In 2010, NGPC began alternating between even and odd year transect 
configurations with counts made on an individual survey route every other year. 
Although the number and location of survey routes has changed over time, a version of 
the original protocol is still conducted each spring. 
Brood Surveys  
While indices of abundance provide information on how a population is changing 
over time, they do not address why that change is occurring. Populations increase when 
more individuals enter the population, through birth or immigration, than leave, through 
death or emigration. The converse is true for shrinking populations. Ignoring immigration 
and emigration for short-lived species, the population flux can be quantified by looking at 
the balance between reproduction and survival. While the survival of adult prairie grouse 
is relatively consistent across years in a given landscape, reproduction is highly variable. 
Resource managers often monitor grouse reproduction to better understand the 
relationship between recruitment and abundance. In Nebraska, brood surveys have 
historically served as a metric to capture volatility in grouse production.  
The first prairie grouse brood survey was implemented in 1955 to provide 
information on upland game bird reproduction (Miller 1957). Observers recorded the 
location and size of broods seen in the field in the course of other duties. Brood survey 
results were not easily comparable across years because observations represented a 
convenience sample with no documented survey effort. In 1961, NGPC also started 
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running brood transects to provide similar data with a standardized measure of survey 
effort (Schwilling 1962). Brood survey data is available through 1988, although it is 
possible surveys were continued beyond this date. I was unable to locate any records of 
brood surveys after 1988. A similar, multi-species August roadside brood survey of 
gallinaceous birds was conducted from 1996 until approximately 2008, but that data is 
not directly comparable to the earlier surveys (Jeff Lusk, NGPC biologist, personal 
communication).  
Prairie Grouse Banding 
In 1956, there was a push to go beyond monitoring and begin active prairie grouse 
research in Nebraska. Prairie-chickens and sharp-tailed grouse were trapped during the 
winter and spring and banded as part of a mark-recapture or re-sight study (Heebner 
1957). The objective of the research was to gather data on movements between winter 
ranges and spring breeding areas, as well as estimate prairie grouse survival. By 1956, 
populations were considered sufficiently large to support the removal of birds to fulfill 
translocation requests from surrounding states. Often the majority of birds trapped in the 
Sandhills were relocated to another state in exchange for wildlife species desirable to 
Nebraska (Walstrom 1960).  Trapping success was limited and after all translocation 
requests were filled, the small sample size of birds marked restricted the utility of the 
recapture data. Grouse banding studies conducted by NGPC were terminated after the 
winter of 1972-1973 (Nebraska Game and Parks Commission 1974).  
Prairie Grouse Hunting  
Although hunting does not fit the traditional definition of species’ monitoring, 
harvested animals can offer a wealth of data describing characteristics of individuals and 
53 
 
   
 
populations that cannot be easily obtained from observational studies alone. Harvested 
prairie grouse provide morphometric information in addition to insight into the sex and 
age structure of a population. The temporal context in which harvest data is obtained is 
important for the validity of documenting change over time in derived metrics. I am 
including a detailed description of how the date of the prairie grouse season opener and 
length of the hunting season have changed since 1950 to account for the timeframe of 
data collection incident to harvest. Before researchers use the raw timeseries of the data 
gathered from harvested prairie grouse described in subsequent sections, they should 
explicitly test the assumption that changes in the timing and duration of the hunting 
season did not influence harvest-based population metrics.  
The impetus for formal prairie grouse monitoring in Nebraska was the 
reinstatement of a hunting season in 1950. Hunters and state biologists who had 
witnessed the devastation caused by overhunting in Nebraska wanted to ensure that a 
prairie grouse harvest was sustainable. Harvest during that first season was allowed in a 
limited area of the north-central Sandhills, with daily bag and possession limits of two 
birds (Vodehnal 1999). The season lasted only three days. The season was kept relatively 
short during the 1950s, ranging from 3 - 16 days in length, but the start date shifted 
earlier as the decade progressed, moving from November to early October (Vodehnal 
1999). The season was closed in 1954 because of declining spring breeding ground 
counts (Miller 1957, Vodehnal 1999). The area where hunting was permitted also 
expanded over time. By 1965, only the eastern and south-central counties were excluded. 
Opening weekend was moved to the Saturday closest to September 15th with an end date 
in late October or early November (Vodehnal 1999). Hunting on Valentine and Crescent 
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Lake National Wildlife Refuges was also permitted for the first time that same year 
(Robertson 1966). In 1983, the season was extended until November 30th and December 
31st in 1995 (Vodehnal 1999). In 2000, a limited prairie-chicken harvest was reinstated in 
the southeast (Powell at al. 2011). The current grouse season runs from September 1st 
through January 31st of the following year.  Daily bag limits have varied between 2 and 3 
birds since 1950. Overall, participation in prairie grouse hunting in Nebraska has declined 
in recent years (D. Berger, unpublished data).  
Check Stations 
Harvested prairie grouse provided an opportunity to obtain detailed population 
data on bird age and sex ratios that could not be gathered during observational studies in 
the field. In 1956, NGPC set up three voluntary roadside check stations during opening 
weekend at strategic points throughout the zone where hunting was permitted (Miller 
1957). Hunters who stopped were asked to provide information about where they 
harvested birds, how much time they spent in the field and how many birds they killed. 
Hunters presented their grouse to the biologists to be aged and sexed based on feather 
characteristics. The number of check stations increased as the number of grouse hunters 
and area open to hunting expanded. By the 1970s, 12 check stations were operational 
during opening weekend. In addition, law enforcement set up mandatory checkpoints on 
major highways where they stopped and performed searches of all vehicles that appeared 
to be engaged in hunting activities (Nebraska Game and Parks Commission 1974). Until 
the late 1990s, check stations were operated annually near Valentine, Taylor, Halsey, 
Bassett, Burwell and Ericson (Vodehnal 1999).  Halsey was the last existing check 
station when its operation was discontinued around 2015 after a change in the date of the 
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season opener led to a decrease in hunter participation (Jeff Lusk, NGPC biologist, 
personal communication).  
Wing Collection Barrels 
In 1960, given the difficulty of collecting harvest data from a single, localized 
area with multiple entrances and exits using a check station, NGPC tested the use of road-
side wing deposit barrels at the Loup County and Swan Lake study areas (Nebraska 
Game and Parks Commission 1962). They provided envelopes to sportsmen who 
received permission to hunt on study area lands. For each bird harvested, the hunters 
were asked to record some basic information about the location where the prairie grouse 
was killed and the amount of time spent hunting. Inside the envelope, hunters were 
requested to deposit a wing and a few diagnostic tail feathers so that the bird could be 
aged and sexed. Completed envelopes were to be deposited in wing collection barrels 
posted on the main roads entering and exiting the study area. The wing return rate was 
sufficiently high to support future use of roadside deposit sites (Nebraska Game and 
Parks Commission 1962).  
Implementing a passive method of collection also allowed wings to be gathered 
over the course of an entire season, rather than just during the opening weekend. This 
season-long data provided an important mechanism for validating age and sex ratios in 
opening weekend data because they may change over time (Durbian et al. 1999). Today, 
wing barrels are used to collect harvest data on federal lands, including the national 
forests and refuges, in Nebraska (Mel Nenneman, USFWS biologist, personal 
communication).  
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Cooperator Survey 
Beginning in 1968 in an effort to collect season-long harvest data from a larger 
area of the state than captured by check stations and wing collection barrels, the NGPC 
implemented a grouse hunter cooperator survey (Nebraska Game and Parks Commission 
1969). A cooperator is an avid grouse hunter, as determined from previous responses to 
the yearly hunter success survey. NCPC contacted these sportsmen and asked them to 
provide data on each of their grouse hunts during the subsequent season. If grouse 
hunters agreed to participate as cooperators, they were provided with wing envelopes for 
each hunting trip that they returned via mail to the NGPC.  Participants were asked to 
record the date, location, hours hunted, and birds bagged during each trip along with a 
wing tip from all prairie grouse harvested. Cooperator surveys became the primary form 
prairie grouse age ratio data collected by the NGPC after check stations were 
discontinued. Cooperator surveys are still used by the NGPC today, but as the number of 
dedicated grouse hunters dwindles, participants in this program are becoming 
increasingly more difficult to recruit. A reduction in the number of cooperators may limit 
the sample size and spatial coverage of the cooperator data. The effect of changes in 
sample size and spatial coverage on the resultant wing ratios should be tested if this data 
is used as a time series to document production. 
Sharptail Shootout 
The Sharptail Shootout, a special competitive grouse hunt held yearly in Mullen, 
Nebraska since the mid-1990s, is a source of production data. During the third week of 
September each fall, twenty teams of five grouse hunters are sent out into the Sandhills 
with a guide, scorekeeper and box of 25 shotgun shells. Hunters in each team try to 
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harvest as many prairie grouse as they can either reaching their bag limit or exhausting 
their supply of ammunition. The team that harvests the most birds with the fewest shells 
in the shortest amount of time is declared the winner. The age, sex and location of harvest 
are recorded for all grouse shot and provide a large sample of localized production data 
collected at a consistent point in time. 
Hunter Success Survey 
The hunter success survey is referenced in reports of the Game, Forestation and 
Parks Commission, presently known as the Nebraska Game and Parks Commission, as 
early as 1950, although the existence of the survey likely predates that year (Nebraska 
Game, Forestation and Parks Commission 1950). The questionnaire, presently called the 
hunter success survey, has undergone various name changes over time, but the purpose 
has always been to collect data on game harvest and hunting pressure. Hunters are asked 
to provide information about the number of animals of different species harvested along 
with time spent in the field in pursuit. This data is available for prairie grouse in 
Nebraska back to 1955.  
The process for distributing the hunter success survey and the population of 
sportsmen sampled has changed over time. The hunter success survey does not attempt to 
census all hunters, but rather gathers data from a sample of license holders to make 
inferences about the entire hunting population. In 1950, Hunters and Trappers Reports 
were sent to 6000 permittees. The data from the returned cards was used to estimate 
species-specific harvest and hunting pressure for 1949 based on the total number of 
permits sold (Nebraska Game, Forestation and Parks Commission 1950). By 1999, the 
Hunter Report Card Survey was mailed to a random 5% sample of small game permit 
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holders, excluding non-resident hunters (Vodehnal 1999). By 2006, the NGPC surveyed a 
random sample of 10,000 permit buyers by mail, 80% resident and 20% non-resident 
hunters. After 2010, NGPC switched to an electronic permitting system. Since then, the 
agency has transitioned to a digital version of the Hunter Success Survey. The survey link 
is sent to every individual who provided an email address when purchasing a license and 
is posted on the NGPC website for purchasers without an email who would still like to 
participate. Current surveys use age, sex and residency criteria to match the 
demographics of survey participants to the groups of permit holders to ensure a 
representative sample. Approximations of harvest and hunting effort by all permit holders 
are made by demographic group (Jeff Lusk, Nebraska Game and Parks Commission 
biologist, personal communication). Users of time series of NGPC hunter success survey 
data should be aware that the processes of sampling and drawing inferences about the 
hunting population from the sample data have changed over time.  
The Future of Monitoring in Nebraska 
The prairie grouse monitoring protocol in Nebraska is continuing to evolve based 
on changing management and data use objectives. While monitoring data in Nebraska 
was initially collected to inform hunting regulations and ensure the sustainability of a 
harvest, the greatest present threat to the persistence of prairie grouse across the species’ 
respective ranges is habitat loss and degradation (Connelly et al. 2020, Johnson et al. 
2020). The NGPC did some preliminary cover mapping studies along spring breeding 
ground survey routes in 1968 and 1978 and found that prairie grouse population growth 
rates are correlated with land use change (Nebraska Game and Parks Commission 1969, 
Nebraska Game and Parks Commission 1979).  Understanding the relationship between 
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population demography, habitat quality and quantity is critical for prairie grouse 
conservation in Nebraska given the preliminary data collected by NGPC and evidence 
that land use change has been detrimental to prairie-chickens and sharp-tailed grouse 
elsewhere in their ranges. Future monitoring efforts should focus on gathering data on 
both prairie grouse and the environments in which they are found. Joint monitoring will 
allow resource managers to quantify the effects of environmental change on population 
vital rates. 
The current prairie grouse monitoring protocol considers habitat associations in its 
stratification of population sampling. Beginning in the spring of 2020, the NGPC 
switched from their yearly spring breeding ground survey protocol to running a subset of 
historical routes to maintain the long-term data stream (Rainwater Basin Joint Venture 
2019). In partnership with the Natural Resources Conservation Service (NRCS), 
Rainwater Basin Joint Venture (RWBJV), and the United States Fish and Wildlife 
Service (USFWS), the NGPC undertook an intensive, ecoregion-specific lek monitoring 
protocol with the goal of relating the spatial distribution of prairie grouse to landscape 
variables. They surveyed 54 sample sections from each of four ecoregions, mixed-grass 
prairie, Sandhills, short-grass prairie and tall-grass prairie. Sections within each 
ecoregion were subsampled to provide information across a broad spectrum of grass and 
tree cover. Sections were surveyed exhaustively twice during each year and all birds seen 
on leks were counted. This protocol will be used until at least 2022, with new sections 
sampled each year and the data used to construct spatially explicit population models.  
The future of prairie grouse monitoring in Nebraska is indeterminate after 2022. 
One of the aims of this manuscript is to provide detailed information about the past and 
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present monitoring approaches for prairie grouse in Nebraska to inform the development 
of future protocols. The challenge will be to balance the need for the continuation of 
historical data streams with the desire to collect new, spatially explicit data over the 
entirety of the prairie grouse’s range without overtaxing agency resources. 
Conclusion 
Greater prairie-chickens and sharp-tailed grouse, although similar species, had 
different historical experiences in the Sandhills of Nebraska. While some forces, like 
market hunting, overgrazing and drought devastated both prairie grouse species, land use 
change allowed prairie-chickens to colonize the Sandhills while sharptails retreated 
before the plow. Divergent population trends suggest that while these upland game 
species occupy a shared range in the Sandhills, prairie-chickens and sharptails have 
unique habitat requirements within that range. Written histories illuminate informal 
relationships between prairie grouse populations and their historical drivers. Research 
and population monitoring data collected by state and federal agencies provides an 
avenue to quantify and scientifically explore the connections between prairie grouse 
populations and their environment. Monitoring protocols could be improved by explicitly 
measuring habitat variables in conjunction with prairie grouse population surveys. Joint 
monitoring would allow the NGPC to explore the relationship between landscape 
changes and population vital rates with important implications for management.  
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CHAPTER 4: ABUNDANCE AND PRODUCTION TRENDS 
Introduction 
Prairie grouse are species of unique conservation concern in the Great Plains. 
Both greater prairie-chickens and sharp-tailed grouse have experienced precipitous 
population declines following agricultural intensification due to the loss and degradation 
of their grassland habitat (Connelly et al. 2020, Johnson et al. 2020). A few fragmented 
populations of greater prairie-chickens remain scattered throughout the species’ native 
range, the tallgrass prairies of the central United States (Johnsgard 2002, Svedarsky et al. 
2003). Presently, stable populations are found only in areas of range acquired since the 
expansion of cropland agriculture (Johnson et al. 2020). Sharp-tailed grouse no longer 
occupy over half of their historic range in the United States and populations, where they 
remain, are declining (Storch 2007). The Sandhills of Nebraska are presently the core of 
the greater prairie-chicken’s range and the southern-most extent of the plains sharp-tailed 
grouse in North America. Nebraska is also one of the few remaining locations where 
harvest of both species is permitted. The population status of prairie grouse in the 
Sandhills is of interest to harvest managers and conservationists alike, as game birds and 
species of ecological concern 
Prairie grouse populations declined precipitously in Nebraska during the late 
19th and early 20th century, following overharvest arising from market hunting practices 
(Chapter 3), overgrazing and extended periods of drought during the Great Depression 
(Sisson 1976, Vodehnal 1999). After a moratorium was placed on prairie grouse harvest 
in 1929, there was interest from the public to reinstate a hunting season (Vodehnal 1999). 
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Formal grouse monitoring began in 1955 as resource managers sought to understand if 
the harvest limits of the resurrected hunting season were sustainable (Miller 1957). 
The abundance and production monitoring protocols used by the Nebraska Game 
and Parks Commission were conceived of by wildlife managers with interest in gathering 
data to inform harvest regulations. Spring lek counts, a measure of prairie grouse 
abundance, and juvenile to adult wing ratios, a metric of production, were designed to 
monitor population trends that may indicate a need to adjust bag limits, season length or 
zones open to hunting to prevent overharvest. While prairie grouse monitoring was 
conducted to inform sustainable hunting practices in Nebraska, attributes of the data – the 
length of the timeseries available and the survey’s broad spatial coverage – are ideal for 
addressing questions critical to prairie grouse conservation. Conservation requires 
knowledge of how biotic and abiotic factors in addition to anthropogenic-driven change 
influence prairie grouse population growth rates in space and time. However, longitudinal 
population studies with broad spatial coverage are rarely conducted (Lindenmayer et al. 
2012). Annual prairie grouse monitoring surveys provide a long-term source of 
production and abundance data that is underutilized to address conservation-related 
research questions (Aldridge et al. 2004).  
Prairie grouse management objectives have changed over time. In recent years, 
the popularity of prairie grouse hunting in Nebraska has waned (Jeff Lusk, Nebraska 
Game and Parks Commission Biologist, Unpublished data). At the same time, outside of 
the state, prairie-chicken and sharp-tailed grouse populations have declined across their 
respective ranges (Connelly et al. 2020, Johnson et al. 2020). Preventing further 
reductions of prairie grouse abundance has become the primary management concern for 
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these species throughout the U.S. Nebraska is participant in regional conservation efforts 
for prairie grouse, such as the Sharp-tailed Grouse and Greater Prairie-chicken Interstate 
Working Group. As part of such efforts, the Nebraska Game and Parks Commission has a 
responsibility to contribute data on the status of the state’s sharptail and prairie-chicken 
populations. While monitoring data has been collected on prairie grouse in Nebraska 
since 1955, the full timeseries has never been assessed. The potential of Nebraska’s long-
term prairie grouse data set to inform conservation management objectives remains 
untapped. 
Knowledge of prairie grouse population trends in Nebraska is critical for 
management. This is especially true for greater prairie-chickens because the Sandhills are 
one of the few locations throughout their North American range where these birds are 
still abundant (Johnson et al. 2020). Nebraska is home to the largest extant population of 
greater prairie-chickens in the world (Johnsgard 2002). Understanding why prairie-
chickens have performed better in Nebraska than throughout the remainder of their range 
may provide insight into what wildlife managers can do to halt the species’ decline.  
The conservation of prairie grouse is important to the integrity of the Sandhills 
ecosystem at large. Prairie grouse are indicator and umbrella species (Robb and 
Schroeder 2005, Mussmann 2017). Their presence speaks to the health of grassland 
ecosystems. They are also wildlife species that are visible to the public because of 
hunting and ecotourism. Demand for the protection of prairie grouse can provide habitat 
for other less well-known, but equally imperiled grassland species. Knowledge of the 
long-term population trends of greater prairie-chickens in the Sandhills of Nebraska is the 
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first step to creating conservation strategies that can protect these birds and other 
grassland inhabitants.  
Using monitoring data to inform conservation management objectives may 
require a different analytical approach than has historically been employed to develop 
harvest regulations. Although abundance and production data are collected at sites 
throughout the Sandhills, traditionally individual locations were treated as spatially 
replicated samples used to estimate a Sandhills population mean for a given year. The 
aggregated monitoring data provided information on regional prairie grouse population 
trends that were well-suited to inform harvest regulations applied uniformly across the 
Sandhills. While hunting regulations are applied across large spatial areas, conservations 
measures are usually implemented at a local scale. Populations vary throughout space 
(Durrett and Levin 1994) and the prairie grouse monitoring protocols capture differences 
between survey locations in the Sandhills. However, data must be treated as spatially 
explicit in analyses to capture these differences.  
My objective is to assess prairie grouse population trends in the Sandhills since 
1956 using the full timeseries of abundance and production monitoring data. I will 
employ both historical and spatially explicit analytical techniques and evaluate the merits 
of each for exploring long-term grouse population trends. Historical prairie grouse 
monitoring data contains a wealth of information on how sharptail and prairie-chicken 
populations have changed in space and time. The potential of long-term abundance and 
production datasets to inform conservation practices has been largely unrealized in 
Nebraska. My goal is to give new life to old data and provide recommendations for how 
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existing monitoring protocols designed to inform harvest regulations can address 
conservation concerns.  
Methods 
Study Area 
The Sandhills are a 50,000 km2 grassland in north-central Nebraska characterized 
by vegetation-stabilized sand dunes interspersed with subirrigated meadows and wetlands 
(Bleed and Flowerday 1989).  The amount of topographical relief in the Sandhills 
decreases from west to east moving across the state with maximum dune heights in the 
west reaching 120 m (Bleed and Flowerday 1989). The precipitation gradient in the 
Sandhills is the opposite of the topographical gradient, with an average of 580mm of 
yearly accumulation in the east and 430 mm in the west (Wilhite and Hubbard 1989).  
Approximately 76% of the annual precipitation falls between April and September 
(Wilhite and Hubbard 1989). Temperatures in the Sandhills are typical of a 
midcontinental prairie region, ranging from average lows of -3.6 degrees Celsius in 
January to average highs of 23.4 degrees Celsius in July (data taken from Broken Bow, 
Nebraska) (High Plains Regional Climate Center 2020). Low annual precipitation and 
high evapotranspiration rates coupled with sandy entisol soils characterize the Sandhills 
as a semi-arid region (Whitcomb 1989).  
The vegetation in the Sandhills is a unique mixture of plants typically found in 
tallgrass, mixed and shortgrass prairies interspersed with a scattering of species 
associated with permanent or ephemeral wetlands. Approximately 80% of the land area 
of the Sandhills is classified as upland prairie or dune formations (Powell et al. 2014). 
Upland areas are comprised of warm-season tallgrasses, including prairie sandreed 
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(Calamovilfa longifolia) and sand bluestem (Andropogon hallii) interspersed with mid- 
and short-grasses like needleandthread (Hesperostipa comata) and hairy grama 
(Bouteloua hirsuta). Although grasses are the dominant species, broadleaf forbs, 
including western ragweed (Ambrosia psilostachya) and spiderwort (Tradescantia 
occidentalis), and shrubs like yucca (Yucca glauca) and leadplant (Amorpha canescens) 
contribute to the diversity of the plant community (Whitcomb 1989). In subirrigated 
meadows and wetlands, flatter areas between the dunes where the groundwater is at or 
near the soil’s surface, the vegetation is a mixture of cool and warm season grasses, 
grass-like plants, and some woody species (Powell et al. 2014).  
 Historically, vegetation structure and composition in upland areas was shaped by 
fire and roaming herds of grazing bison (Bleed and Flowerday 1989). Today, the grazing 
management practices of beef cattle producers are the greatest determinant of the 
structure and distribution of plants (Bleed and Flowerday 1989). Beef cattle grazing is the 
leading economic industry in the Sandhills (Miller 1989). While agricultural conversion 
is the predominant threat to most remaining American grasslands, the sandy, unstable 
soils, dry climate and undulating terrain of the Sandhills has rendered most cultivation 
impractical. Some land area along the southern and eastern edges of the Sandhills has 
been cultivated with the aid of center pivot irrigation. Although cropland conversion is 
the primary cause of fragmentation in the Sandhills, only about 5% of the total land area 
has been placed in crop production (Miller 1989). Afforestation via woody 
encroachment, often from planted Eastern Redcedar windbreaks has also resulted in a 
loss of grassland area in the Nebraska Sandhills and likely poses the greatest future threat 
to the integrity of this intact upland prairie system (Donovan et al. 2018).  
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Breeding Ground Survey Counts 
The Nebraska Game and Parks Commission has monitored prairie grouse 
abundance since 1955 using yearly spring breeding ground surveys conducted along 20-
mile, north-south segments of undeveloped roads across the Sandhills. Breeding ground 
surveys are conducted in two parts. Between April 1st and 9th, observers drive each 
transect on clear mornings with little to no wind, beginning the survey one hour before 
sunrise and finishing no later than one-half hour after sunrise. They stop at one-mile 
intervals and listen for the characteristic breeding vocalizations of both prairie grouse 
species. Observers use the calls to identify lek and dancing ground locations along the 
survey route and mark these locations on a map. The effective survey distance is 
considered to extend up to one mile on either side of the transect given the distance a call 
can carry on a calm morning for a total survey area of 40 square miles (104 km2) along 
each route (NGPC 2010). 
Transects are driven a second time between April 10th and 20th. During the latter 
part of the survey, observers visit the breeding grounds identified during the initial 
listening stops, as well as any grounds where activity was observed in the previous two 
years and count the total number of birds present. They confirm their count by flushing 
the birds. Total lek counts are multiplied by a species-specific coefficient representing the 
proportion of males likely to be present on the lek on a given day of the year. This 
correction factor is necessary to account for the variability of hen attendance, factored 
into the total counts, over the course of the breeding season. Breeding ground survey data 
is reported as a route total which represents the sum of all the male counts on leks along a 
given route. Sharp-tailed grouse and greater prairie-chickens are surveyed simultaneously 
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but counted separately (NGPC 2010). Each route is surveyed once in a given year. While 
the observer is the same for both the listening and counting portions of the survey on a 
route, observers often differ between routes and years.  
Breeding ground survey route totals are indices of abundance, meaning that 
values vary proportionally with true abundance (Caughley and Sinclair 1994). Index 
values cannot be converted to an estimate of true abundance because there is no measure 
of detection probability defined as the likelihood an observer counted a bird that was 
present on the site and available to be counted (Caughley and Sinclair 1994). The counts 
also cannot be used to estimate grouse density because leks and dancing grounds 
concentrate birds that are normally dispersed throughout the landscape (Applegate 2000). 
Both prairie grouse species have home ranges that are typically larger than one mile 
(Connelly et al. 2020, Johnson et al. 2020). It is probable that some of the birds counted 
in the mile-wide strips on either side of the transect did not originate in the transect. 
Observed long-distance movements as far as 47 km from overwintering grounds to leks 
(Hamerstrom and Hamerstrom 1949) also mean that estimates of breeding season density 
within a transect are likely not representative of grouse density during other times of the 
year.  Despite their drawbacks, breeding ground censuses are regarded as the most 
effective current method to survey prairie grouse, since both species are cryptic and only 
conspicuous during the breeding season.  
My analysis includes survey data collected between 1956 and 2018 from 25 
historical prairie grouse breeding ground routes that fall partially or completely within the 
boundaries of the Sandhills (Figure 4.1). Data from 1955 was excluded because of 
differences in the survey protocol. Each route is represented by its geographic midpoint 
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with total counts across all stops assigned to the midpoint location. Associating count 
data with the route midpoint was a necessary generalization to use the entire time series 
of data because route totals are the only data that I was able to obtain for most historical 
transects. No route was surveyed every year from 1956 to 2018, but data was included 
when available (Figure 4.2). A species was considered present on a route if it was 
observed during more than one year over the period of data collection at that location. 
Under this criteria, prairie-chickens are considered absent from five routes in the 
northwestern Sandhills — Ellsworth, Antioch North, Lakeside, Antioch-Lisco and 
Whitman. These routes are excluded for prairie-chickens in species-specific analyses. 
Breeding Ground Count Modeling Using Historical Methods 
It is difficult to draw conclusions about the trajectory of a prairie grouse 
population from an individual survey conducted at a single location when populations 
vary across space and our ability to accurately count grouse varies in time (Fremgen et al. 
2018). However, the considerable investment of time and manpower required to complete 
breeding ground surveys precludes replication of counts on a survey route in a given 
year.  Historically, the solution has been to treat individual routes as spatial replicates 
with the assumption that each route is a sample from a population that is uniformly 
distributed throughout the landscape.  
The distribution of each species is also assumed to be fixed across time. This 
constant range assumption is necessary because survey transects are not systematically 
distributed. Routes are only established in areas known to have huntable populations of 
prairie grouse. Survey locations do not extend past the margins of existing grouse range. 
A range shift of a uniform population could present as zero birds being counted at a 
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location where they were once present. If these birds are not captured by counts at 
another survey point, they are lost from the total count representing the Sandhills 
population. 
  Count data from all routes surveyed are summed and divided by the number of 
transects where data was collected in a given year. The result is a route mean count that 
serves as an index of average abundance for the Sandhills.  I replicated this historical 
method by summing the total counts by species across routes and dividing by the total 
number of routes surveyed for that species during a given year.  If a species was not 
detected on a route in a given year but had been present historically, the route was still 
included in the route total.  
Breeding Ground Count Stochastic Models 
Count data alone can misrepresent the trajectory of a population because the 
number of animals may increase even while the population growth rate is slowing. In 
addition to count-based modeling, I also represented the prairie grouse time series data 
with a simulation based on the mean intrinsic rate of increase value across routes. Using 
the yearly count data pooled across routes, I calculated the population growth rate 
between years using the formula rt = ln(Nt+1/Nt), where rt is the intrinsic rate of increase at 
timestep t, ln represents the natural logarithm of the quantity in parentheses, Nt+1 is the 
average breeding ground count at the next time step, and Nt is the count at the current 
timestep. I chose to use the intrinsic (r) rather than finite (λ) rate of increase for discrete 
time series data because it is not constrained by zero and is compatible with my modeling 
framework in Chapter 6. Using the R computing interface (R Version 3.6.2, www.r-
project.org, accessed 24 Aug 2019) and the Tidypop package (Tyre 2019, accessed 24 
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Aug 2019), I constructed simple stochastic exponential growth models for each species 
that sample an intrinsic rate of increase value, r, on a yearly basis from a normal 
distribution defined the by mean and standard deviation of the population growth rate 
calculated across all years of count data. The model starts with the initial observed 
breeding ground count in 1956 and predicts the counts in following years based on this 
initial value and the randomly selected population growth rate. I ran the model 100 times. 
Each model run consisted of 63 timesteps. I considered the population to have increased 
if the predicted population count for the final time step was higher than the count in the 
initial step. It should be noted that this approach has similar constraints to the historical 
methods in that r is estimated across all routes, rather than on a route-by-route basis.  
Breeding Ground Count Analysis Using Spatially Explicit Methods 
The spatially-explicit population analysis challenges the assumptions of the 
historical methods of interpreting breeding ground count data and treats each route as an 
independent observation of a unique subpopulation of prairie grouse that is part of the 
larger Sandhills metapopulation. The count and growth rate trends are evaluated on a 
route scale, rather than contributing to a collective index for the Sandhills. The growth 
rate represented for each route is the intrinsic rate of increase, r, calculated as described 
in the stochastic modeling section. I interpolated across years with missing data if they 
fell within the middle of the time series of observations for a route. All graphical figures 
were made in R.  
The maps depicting breeding ground survey data spatially were created using 
ArcGIS software (Environmental Systems Research Institute, Inc., Redlands, CA, USA). 
Total counts are represented at the midpoint of the route where they were observed. The 
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pink-colored midpoints indicate that survey data was collected at the location for the year 
shown in the figure. Interpolation between points uses an inverse distance weighting 
approach and a continuous scale with the bounds defined by the highest and lowest count 
values for each species. The prairie-chicken maps also include routes from the south and 
southeast, excluded from the remainder of the analyses in this manuscript, to better 
illustrate the range shift of this species over time.  
Juvenile to Adult Wing Ratios 
Prairie grouse species molt their wing feathers in a sequence rather than all at 
once. The pattern of primary wing feather replacement can be used to distinguish juvenile 
birds (hatch year, HY) from adult birds (after hatch year, AHY). Juvenile prairie grouse 
do not lose their ninth and tenth primary feathers during the postjuvenile molt that takes 
place before the fall harvest (Johnsgard 2008). These ninth and tenth primary feathers 
will often appear ragged and faded in comparison to the newly emerged primaries in 
juvenile birds. Adult birds will have replaced all their primaries during the postnuptial 
molt before harvest and primaries nine and ten will have wear similar to the rest of the 
primary feathers (Ammann 1944, Johnsgard 2008). 
 Feather length can also be diagnostic of bird age. While in adult prairie grouse, 
the eighth primary has usually reached its full length by the time the bird is harvested, it 
may be shorter in juveniles. Adult prairie grouse may have a ninth or tenth primary that is 
not yet fully grown at the time of harvest. Observing wear and length characteristics of 
the eighth, ninth and tenth primaries is the most conclusive method to distinguish juvenile 
from adult prairie grouse (Johnsgard 2008).  
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Nebraska Game and Parks Commission biologists use these primary feather 
characteristics to classify prairie grouse wings they receive from hunters as coming from 
adult or juvenile birds. The ratio of juveniles to adult birds, with raw counts scaled to 
reflect a sample size of 100 adults, is used as a metric of production. An index value of 
100 juveniles per 100 represents a theoretically stable population in a scenario where 
adults only live a single year and all juveniles survive to replace them. Although 
unrealistic, I will use this 1:1 baseline to evaluate the success of prairie grouse 
reproduction in a given year. Fewer than 100 juveniles per 100 adults indicates that 
prairie grouse are not rearing enough offspring to replace the existing adult population, 
leading to future population declines. An index value of more than 100 juveniles per 100 
adult exceeds reproduction at the replacement rate resulting in a future population that is 
larger than the present. 
The wing ratio index is based on samples contributed by hunters over the course 
of the regular prairie grouse season in Nebraska. Grouse wings are obtained from four 
difference sources — check stations, federal lands, cooperator surveys and the Sharptail 
Shootout. From 1950 until 1981, wings were provided exclusively by hunters that 
stopped at voluntary check stations strategically positioned throughout the Sandhills 
during two weekends of the prairie grouse season. Beginning in 1981, check stations 
were only conducted on federal lands in Nebraska, including the Samuel R. McKelvie 
and Halsey National Forests and the Valentine and Crescent Lake National Wildlife 
refuges. Wing collection barrels were also placed on the federal properties for hunters to 
deposit samples when the check stations were not operational.  
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Starting in 1968, the Nebraska Game and Parks Commission implemented a new 
grouse hunter cooperator survey to supplement and eventually replace check station wing 
collection on state lands. Using responses from the small game survey, the Nebraska 
Game and Parks Commission selected a group of prolific, resident grouse hunters, sent 
them postage-paid manilla envelopes and asked that the hunters mail in a wing from each 
bird they harvested during the season. The hunters that have chosen to participate as 
cooperators usually do so on a yearly basis until they no longer reside in state or give up 
the sport of grouse hunting. New cooperators are recruited to replace those that are no 
longer part of the survey. The Sharptail Shootout, a competitive prairie grouse hunt held 
every September since 1997 in Mullen, Nebraska also contributes wings to the 
monitoring effort. 
Historical Wing Ratio Analysis 
Like the breeding ground survey data, wing ratios have historically been used to 
provide an estimate of prairie grouse production across the Sandhills rather than in a 
specific location. I summed the raw counts of juveniles and adults by group from each 
data stream available for a given year. I converted the resulting values to a scaled ratio of 
juveniles per 100 adults to create a continuous production index of maximum sample size 
provided the historical data available. I only used data that specified the county where the 
bird was harvested to ensure my index could be constrained to the Sandhills rather than 
encompassing the entirety of Nebraska. I considered all counties where 50% or more of 
their land area fell within the boundary of the Sandhills to be part of the Sandhills. 
 I included check station data from 1950 through 1981 gleaned from Pittman-
Robertson (PR) reports. Beginning in 1979, the data from check stations on federal lands 
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in the PR reports was superseded by information from a database curated by refuge 
mangers. The federal lands data continues through 2018. I obtained cooperator survey 
data from a database including entries from 1968 until 2017 provided by the Nebraska 
Game and Parks Commission. I also received the raw data sheets from the Sharptail 
Shootout for 1999 through 2018, excluding 2014, from a NGPC biologist that assists with 
the hunt each fall. The resulting production index spans from 1950 to 2018 with sample 
size being relatively consistent over time.  
Wing ratio data should be interpreted cautiously as an index of production 
because juvenile birds may be more susceptible to harvest than adults, overestimating the 
proportion of the population comprised of hatch year birds. The percentage of juvenile 
birds harvested declines over the course of the hunting season for many galliform birds, 
likely the result of increased juvenile susceptibility to harvest at the beginning of the 
hunting season (Durbian et al. 1999). However, the harvest-based age ratio of greater 
prairie-chickens and sharp-tailed grouse in Nebraska did not change over time, indicating 
that wing ratios may provide an unbiased measure of production for these species 
(Flanders-Wanner et al. 2004). The use of a 1:1 juvenile to adult ratio as an estimate of 
replacement rate reproduction may also be high for prairie grouse relative to other upland 
bird species because adult prairie-chickens and sharp-tailed grouse typically live longer 
than one year (Connelly et al. 2020, Johnson et al. 2020). A prairie grouse may reproduce 
in multiple years rather than just a single breeding season, meaning that a wing ratio of 
less than 1:1 could still potentially represent replacement-level reproduction if adults are 
not likely to die before they are able to breed again.  
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Like abundance, grouse production also varies spatially (Flanders-Wanner et al. 
2004). The single, yearly production estimate for the Sandhills is not representative of 
any one location but should be considered an average across all counties in the Sandhills. 
While data pooled across the Sandhills is of statistically adequate sample size to draw 
meaningful conclusions about production, data from any individual county should be 
interpreted cautiously. The limited sample size at the county level is not reflected in the 
scaled wing ratio values.  
All figures illustrating prairie grouse production are generated in R (R Version 
3.6.2, www.r-project.org, accessed 24 Aug 2019). The graphical figures use data 
representative of the Sandhills wing ratio index, while the choropleth maps illustrate the 
information by county, the finest spatial resolution available.  
Results 
Breeding Ground Count Analyses Using Historical Methods 
 Count trends reveal that sharp-tailed grouse populations in the Sandhills have 
declined since 1956 and greater prairie-chicken populations have increased (Figure 4.3). 
The yearly variation in counts from the general population trend is similar for both 
species, suggesting that they may respond comparably to fluctuations in some 
environmental variables.   
 The average number of male sharp-tailed grouse in 2018 was smaller than 1956 
count in 55 out of 100 runs of the stochastic growth rate model, suggesting that the sharp-
tailed grouse population in the Sandhills is stable or has declined slightly over the time 
period of my study (Figure 4.4).  
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 The average number of male greater prairie-chickens in the Sandhills in 2018 was 
greater than the starting population in 1956 for all 100 runs of the stochastic model. This 
further supports the conclusion drawn from the raw count data that prairie-chicken 
populations have increased since the beginning of my study (Figure 4.5).  
However, abundance estimates derived from pooled indices should be interpreted 
cautiously. An uneven spatial distribution of routes and change over time in the number 
and location of transects included in yearly surveys may introduce significant error into 
pooled indices. Potential sources of error are addressed in further detail in the discussion.  
Breeding Ground Count Analyses Using Spatially Explicit Methods 
 Visualization of temporal trends reveal that prairie grouse breeding ground counts 
vary greatly across survey routes in a given year for both species (Figures 4.6 and 4.8). 
The count trends across time also appear unique to each route, although there are some 
general regional similarities (Figures 4.6 and 4.8). Variation across routes suggests that 
treating transects as spatially-replicated samples of the Sandhills’ prairie grouse 
population may not be a valid approach to approximate a region-wide population trend.  
Trends in the population growth rate are more comparable across routes and 
species than count trends (Figures 4.7 and 4.9). Prairie-chicken and sharp-tailed grouse 
populations tend to have positive or negative growth rates in the same years and the 
growth rate trends are somewhat similar across routes (Figures 4.7 and 4.9). However, 
large, biologically implausible population growth rate values between consecutive years 
indicate that there may be considerable observation error in the breeding ground counts 
(Figures 4.7 and 4.9).  
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Mapping the breeding ground count survey data provides clear insight into the 
spatial component of the spatio-temporal population trends. Sharp-tailed grouse counts 
have declined in the southern and eastern Sandhills since 1956 and the southwest since 
the 1980s (Figure 4.10). However, sharptail populations have increased in northcentral 
Nebraska since 1956 (Figure 4.10).  
Greater prairie-chicken counts have increased in the eastern Sandhills since 1956 
(Figure 4.10). Prairie-chickens were mostly absent from the northwestern Sandhills until 
the 1980s and the southwest until the 1990s, but populations have been increasing in both 
regions since (Figure 4.10).  
The sharp-tailed grouse population center in Nebraska has shifted north and west 
over time (Figure 4.11). This is indicative of a larger range shift as sharptails retreat from 
eastern and southcentral Nebraska and become more populous in the north and west 
(Figure 4.11). Greater prairie-chickens have population strongholds along the southern 
and eastern margins of the Sandhills (Figure 4.12). Although prairie-chickens were 
extirpated from southeastern Nebraska around 1900, populations made a resurgence in 
the 1990s before declining again after 2010 (Figure 4.12). The population center of 
prairie-chickens in Nebraska has shifted west over time, but they have become more 
abundant almost everywhere in the Sandhills (Figure 4.12). Sharptail and prairie-chicken 
populations never seem to achieve high counts at the same location at the same time, 
evidence of potential interspecific competition or niche differences that partition species 
spatially (Figure 4.13).   
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Production  
 Sharp-tailed grouse and greater prairie-chicken wing ratios exceed the 1:1 
threshold of replacement rate reproduction for almost all years between 1950 and 2018 
(Figure 4.14). Prairie grouse appear to produce a sufficient number of chicks to at least 
maintain their existing level of abundance. The production trends are similar for both 
species with peaks and troughs occurring in corresponding years, suggesting prairie-
chicken and sharp-tailed grouse reproduction is constrained by similar environmental 
factors (Figure 4.14). However, prairie grouse production seems to have declined over 
the time period of my study, with the decrease being larger for prairie-chickens than 
sharptails (Figure 4.15).  
 High spring breeding counts in years when grouse are abundant do not appear to 
predict high fall wing ratios, which indicate years with good juvenile recruitment (Figure 
4.16). For both species, there are temporal mismatches between spring abundance and 
fall production indices (Figure 4.17). The discrepancies are more pronounced for prairie-
chickens than sharp-tailed grouse (Figure 4.17). Breeding ground surveys do not appear 
to be good predictors of production in the same year.  
 High fall wing ratios are more strongly correlated with high lek counts in the 
same location the following spring (Figure 4.18). The peaks and troughs of the 
production data align more closely with the spring abundance indices gathered the next 
April than spring counts observed in the same year (Figure 4.19). Again, this relationship 
is clearer for sharptails than prairie-chickens. The relationship between a large number of 
juveniles in the fall and more birds on leks the following spring is evidence of high 
overwinter survival for both species.  
83 
 
   
 
 Greater prairie-chicken production is density dependent (Figure 4.20). Fall wing 
ratios decrease in years with high spring lek counts, a pattern that suggests that 
recruitment declines at high grouse densities (Figure 4.20). Greater prairie-chicken counts 
are lower in years following a spring when the lek count was high (Figure 4.21). This 
relationship may result from density dependent production but could also indicate that 
prairie-chicken survival is constrained by negative density dependence. The independent 
effect of negative density dependence on survival and production cannot be determined 
for prairie-chickens using my data.  Sharp-tailed grouse reproduction does not appear to 
be constrained by negative density dependence (Figures 4.20). However, sharp-tailed 
grouse lek counts decrease following high numbers the previous spring (Figure 4.21). In 
the absence of density dependence production, this relationship provides evidence of 
density-dependent survival (Figure 4.21). 
Discussion 
Sharp-tailed Grouse Abundance Indices 
 Comparing the results of the pooled historical and spatially explicit breeding 
ground count analyses, the evidence of a decline in sharp-tailed grouse abundance in the 
Sandhills since 1956 is inconclusive. The Sandhills abundance index and sharp-tailed 
grouse stochastic population growth model suggest that populations have slightly 
decreased over time (Figures 4.3 and 4.4). However, the spatial distribution of routes 
throughout the Sandhills and variation in the locations where surveys are conducted in a 
given year contribute to a large amount of noise in pooled indices that may obscure true 
changes in abundance.  
84 
 
   
 
Breeding ground survey routes are not uniformly distributed across the Sandhills 
(Figure 4.1). There are fewer routes in the northwestern Sandhills, the core of the 
sharptail’s present range (Figure 4.11), than along the southern and eastern margins, 
regions where sharp-tailed grouse populations have declined over time (Figure 4.10).  As 
the sharptail population center has shifted to the northwest over time, high counts are 
captured on fewer transects while low counts are common in the southern and eastern 
Sandhills where most survey routes are located. If the proportion of routes with high 
counts decreases and the proportion of routes with low counts increases each year, the 
mean count across routes will decrease. However, the population itself may not have 
decreased, but shifted in a manner that fewer birds fall within in the survey area. A range 
shift can translate as a population decrease under the historical monitoring and data 
analysis protocol.  
In addition to an unequal spatial distribution of routes throughout the Sandhills, 
the 25 historical transects have never all been surveyed in the same year (Figure 4.2). The 
spatial configuration of routes where counts are undertaken differs between years and 
introduces additional error into the pooled abundance indices. If the proportion of routes 
that fall within a species’ core range, where high counts would be expected, and 
peripheral range, where lower counts are anticipated, differs between years, the pooled 
index may show artificial increases and decreases in abundance. When there are already 
very few routes in the species’ core range, like is seen for sharptails in the Sandhills, not 
surveying in these locations may present as a drastic population decline as happened in 
2011 in Figure 4.11. However, this decline is an artifact of the survey protocol rather than 
representative of the true state of the population.  
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The sharp-tailed grouse count data as a test case for the validity of pooled 
historical abundance indices reveals that the assumption of a uniform population with a 
fixed distribution does not hold. The range of counts observed across routes in Figure 4.6 
provides clear evidence that the Sandhills population is not uniformly distributed. While 
it is uncertain if sharp-tailed grouse populations are any less abundant than they were 
historically in Nebraska, Figure 4.11 shows that their distribution in the state has shifted 
dramatically since 1956. Capturing a change in abundance over time will require the use 
of route-specific indices for sharp-tailed grouse. Documenting the range shift will also 
necessitate the use of analyses that are spatially explicit.  
Observation error tied to counts is an additional source of variation in abundance 
indices that impacts both historical and spatially explicit data analysis methods. The 
amount of error present is correlated with population size.  There appears to be more 
variability in counts and the intrinsic rate of increase when populations are low. This is 
especially apparent in the sharp-tailed grouse trends on routes where few years of data 
were collected (Figures 4.6 and 4.7). Data collection along a route was terminated when 
harvest in that region was deemed to be unsustainable because of low counts (Miller 
1957). Short time series are synonymous with low population counts for the breeding 
ground survey data included in this study.  
The population growth rates from routes with short time series of data are often 
biologically unreasonable (Figure 4.6). Based on fecundity and survival information 
available for prairie grouse, I estimated that the intrinsic rate of increase for these species 
likely does not exceed 0.6 for any given year. Routes with longer time series of data, 
reflective of areas where greater prairie-chickens and sharp-tailed grouse are doing well, 
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rarely exceed this threshold value (Figures 4.7 and 4.9). However, shorter time series of 
data often include anomalous values. These astronomical growth rates can’t reflect 
reproduction-driven population growth but may capture immigration events. They could 
also reflect our inability to detect the presence of prairie grouse until the birds reach some 
threshold population size. Whatever the cause, the accuracy of abundance estimates 
decreases with population size. This relationship may necessitate the use of a modified 
survey protocol to get an accurate representation of abundance in areas where prairie 
grouse are scarce.  
One improvement that could be made to current survey protocol that would 
reduce observation error is to estimate detection probability, the likelihood that we 
actually count a bird in a transect that is present and available for counting.  The 
variability in the sharptail population growth rate on routes with low numbers likely 
arises from birds being undercounted when populations are small (Lynch 1995). Prairie 
grouse males become more vocal in the presence of females, which occurs more 
infrequently when there are fewer hens in the population as would be expected when 
sharptail numbers are low (Hamerstrom and Hamerstrom 1960). In addition to the 
frequency of vocalization on dancing grounds, the intensity of the sound and distance that 
it carries throughout the landscape may be reduced when there are few grouse present. 
Birds are less likely to be detected during the auditory portion of the breeding ground 
route survey when populations are low (Lynch 1995). Estimating detection probability 
would help us to understand and correct for inaccuracies in counting that may arise when 
populations are low.  
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An understanding of detection probability is not only advantageous when counts 
are low but could increase the utility of all breeding ground survey data collected to 
inform conservation and management practices. One reason that breeding ground surveys 
are presented as indices of abundance rather than estimates of true abundance is because 
we cannot say anything about the number of birds we failed to count. Quantifying 
detection probability would allow for a corrected count representative of prairie grouse 
abundance in a transect.  
While counting errors may not present an issue when lek surveys are used to look 
only at directional population trends, they may impede accurate parameter estimation. 
Estimates of species-specific detection probability during breeding ground surveys would 
reduce the bias of population parameters estimated from lek count data (Ross et al. 2019, 
Wan et al. 2019). Population parameters, like the intrinsic rate of increase underpinned by 
fecundity and survival, are what biologists seek to manipulate through management. 
Error in estimates of population parameters precludes the effective evaluation of 
management actions for improving species’ outcomes. It also may prevent resource 
managers from detecting population declines that require intervention. The estimation of 
detection probability is therefore vital to leveraging breeding ground monitoring data to 
inform management practices.  
 Given that lek counts provide the only estimate prairie grouse population growth 
rates in the state of Nebraska, the protocol should be modified to allow for the estimation 
of detection probability. This could entail the use of double observers to conduct each 
survey (Nichols et al. 2000). Correlation between consecutive stops as adjacent spatial 
replicates could also be used to estimate detection probability, similar to what was done 
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with Breeding Bird Survey stops in Rushing et al. (2019). The advantage of using a more 
quantitative, rather than survey-driven method to estimate detection probability is that it 
could be applied to existing data retroactively. However, using adjacent spatial replicates 
to estimate detection probability requires sophisticated modeling techniques that likely 
are not approachable to those outside of the realm of quantitative ecology.  Changes to 
the survey protocol that allow for traditional estimates of detection probability may be 
more appropriate for state agency use.  
Detection probability should be estimated independently for each species because 
sharptails are likely more difficult to detect than prairie-chickens, leading to greater 
variability in counts. Sharp-tailed grouse vocalize less during courtship displays than 
greater prairie-chickens and their vocalizations do not carry as far across the landscape 
(Hamerstrom and Hamerstrom 1973). This may mean that the effective survey distance is 
smaller than one mile from the transect for greater prairie-chickens. It also may mean that 
sharp-tails are undercounted when present relative to prairie-chickens because they are 
more difficult to detect. A difference in detectability between species should be 
considered when comparing index values for prairie-chickens and sharp-tailed grouse on 
individual routes. In the absence of an explicit estimate of detection probability, it should 
not be assumed that the observation of fewer sharp-tailed grouse than prairie-chickens 
along a transect is conclusive evidence that the former are less abundant than the latter.  
Prairie-Chicken Abundance Indices 
 The Sandhills abundance index for greater prairie-chickens accurately represents 
population trends for this species since 1956 (Figure 4.3). Spatial representation of the 
data confirms that prairie-chicken abundance has increased in Nebraska over time (Figure 
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4.12). Greater prairie-chicken populations have increased on nearly every monitoring 
route (Figure 4.8). While the magnitude of the increase has varied across routes, the 
assumption of the spatial uniformity of the population has not been violated because the 
change is unidirectional.  
However, the danger of using a pooled index of abundance is that it can be 
insensitive to local population changes. If greater prairie-chickens started to decline on 
routes on the margins of their range, but numbers increased in the central portion, the 
opposite direction of the effects, if of similar magnitude, may result in no net change in 
estimated abundance. The index value would show a stable population. While the index 
value represents a true condition in which the abundance of prairie-chickens in the 
Sandhills has not changed, the pooled estimate conceals a distributional shift that may 
have important implications for the conservation of prairie grouse species. If habitat loss 
or degradation are responsible for declines, management intervention could rescue 
populations approaching the territory of extinction debt. However, intervention requires 
awareness of the status of individual subpopulations that comprise the Sandhills 
metapopulation, as well as their position and accompanying habitat associations on the 
landscape. This understanding can only be achieved using spatially explicit data 
collection and analysis.  
Pooled Indices as Management Tools 
Problems arise when pooled abundance indices are used to inform management 
decisions at large spatial scales when populations are not uniformly distributed. Harvest 
regulations provide an illustrative example. If a daily bag limit is set with the assumption 
that prairie grouse are equally abundant within all areas of their huntable range, when, in 
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fact, they are scarce in some segments, overharvest in low population areas could result 
in local extinctions. While this may be an extreme example for prairie grouse in Nebraska 
where harvest typically only removes around 5% of the population, the idea that 
overharvest could result in extirpation is something that resource managers have 
historically been conscious of (Vodehnal 1999, Powell et al. 2011). Analyzing breeding 
ground count data in a spatially explicit manner would allow resource managers to adjust 
the size of the zone where hunting is permitted, as well as set region-specific harvest 
regulations.  
Pooled abundance indices are not always inappropriate tools to inform 
management decisions. If the assumption of a uniform population is likely to be true in 
the area encompassed by the pooled index or if violating the assumption of uniformity 
would not have serious consequence for the persistence of the species of management 
concern, a pooled index is a valid approach (Johnson 2008). It may even offer a more 
accurate representation of abundance trends. Treating the routes as replicated surveys of a 
single population reduces the error arising from surveying each transect only once each 
year. However, validating the assumptions of a pooled index require consideration of the 
data spatially first.  
While I have been able to use historical data to examine the distribution of prairie 
grouse populations in the Sandhills and challenge the assumptions underpinning pooled 
indices, future projects will require foresight rather than hindsight. The challenge is to 
understand how a species is distributed throughout a landscape without extensively 
surveying it. Regions with relatively homogeneous land cover and climate within 
Nebraska may serve as surrogates for knowledge of spatial population trends because 
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similar environmental forces shape species’ trajectories in these areas. NGPC currently 
aggregates prairie grouse indices by management region which are designated, in part, by 
unique landscape characteristics. Management units are a logical spatial scale to pool 
index data because management decisions are made at the unit-level.  
Unit-level management may be inappropriate for species driven by environmental 
factors that vary significantly within a unit. The Sandhills management unit encompasses 
many of the counties where the 25 historical lek surveys transects are found. The 
Sandhills unit may not be an appropriate spatial scale to consider using a pooled 
abundance index for prairie grouse because precipitation, plant production and 
community composition differ between the east and west (Wang et al. 2013, Podebradska 
et al. 2019).  Environmental gradients likely give rise to the spatial variation in prairie 
grouse abundance present in my data because of each species’ unique resource needs 
(Figure 4.13). The mechanisms through which these environmental factors may drive 
grouse abundance are discussed in detail in Chapter 6. If managers are going to use 
pooled indices for prairie grouse in the Sandhills, they need to consider how 
environmental gradients may partition a contiguous grassland. It may be more 
appropriate to partition the Sandhills unit into eastern and western portions when 
managing for prairie grouse. 
Spatially Explicit Abundance Indices  
Breeding ground monitoring data captures prairie grouse population change at 
broad spatial scales over long periods of time. However, the spatio-temporal 
dimensionality of the data is lost when the counts from individual routes are pooled 
across the Sandhills. Re-envisioning the historical Sandhills breeding ground survey data 
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in a spatially explicit manner revealed that sharp-tailed grouse populations have declined 
in the southern and eastern portions of their range. Regional declines in sharptail numbers 
were masked in the pooled abundance index. The consequence has been delayed 
understanding of the potential necessity of conservation interventions to maintain a stable 
sharptail population. Knowledge of how populations change in space as well as over time 
is crucial to preempt species loss.  
 Documenting prairie grouse abundance with respect to both space and time could 
also help resource managers to understand the environmental processes that have shaped 
their populations.  The range of greater prairie-chickens in Nebraska has expanded to the 
east and south since 1956, while the core range of sharptails has shifted north and west 
(Figures 4.11 and 4.12). Sharptails and prairie-chickens, despite having similar niches, do 
not achieve high breeding ground counts at the same location in the same year (Figure 
4.13). Spatial relationships between species appear either as the result of interspecific 
competition for resources or mediating environmental factors that favor the persistence of 
one species over the other. Interspecific competition between prairie-chickens and sharp-
tailed grouse has not been observed in the Sandhills (Sharp 1957). This suggests that 
spatial divisions are the result of species-specific responses to differing resource needs. 
Documenting spatial information alongside count data will allow managers to explore the 
relationship between environmental variables and the abundance and distribution of 
prairie grouse in the Sandhills.  
While it may be impractical to collect data on environmental variables in the field 
in conjunction with population monitoring data because of the additional time and 
expense, clearly documenting the geographic locations of stops along survey routes and 
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individual leks will allow count data to be tied spatially to other existing environmental 
data sources. A number of studies have related prairie grouse breeding ground counts to 
remotely sensed data or grazing records (Woodward et al. 2001, Niemuth et al. 2005, 
Hovick et al. 2015, Monroe et al. 2017). Changing the spatial configuration of routes or 
adding additional transects to encompass more diverse habitat types may help to improve 
understanding of environmental drivers. Expanding the region where breeding ground 
counts are conducted may also provide insight into environmental constraints along the 
boundary of a species’ range as well as improve the ability of these surveys to detect 
range shifts over time.   
Production Indices 
Before I delve into the implications of observed prairie grouse production trends, 
I need to describe the limitations of the wing ratio dataset to prevent my conclusions from 
being overstated. The scaling of wing ratio data is misleading because it provides an 
estimate of juveniles per 100 adults which implies that a large number of birds were 
surveyed. Scaling should not be used to draw conclusions about sample size. At the 
county level, the finest spatial scale at which wing ratio data is available, sample sizes are 
almost always smaller than 100 birds (D. Berger, unpublished data), unless federal lands 
are present. Many times, wings from fewer than 20 birds provide insight into production 
in a county. Small sample sizes may inaccurately represent true production trends.  
Aggregating wings across the Sandhills to provide a pooled index of production 
increases sample size but ignores the possibility that prairie grouse recruitment is 
spatially variable. Flanders-Wanner et al. (2004) used a subset of the wing ratio data 
included in my study to demonstrate that production at one location in the Sandhills could 
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not be used accurately predict recruitment at a secondary site. In the trade-off between 
sample size and spatial resolution of wing ratio data, I chose to prioritize sample size. I 
will use a pooled wing ratio index to describe trends in production. Samples from federal 
lands often contribute disproportionately to the pooled production index because of the 
number of wings collected relative to other data sources. However, the influence of 
federal lands data is consistent across time and should not present an issue when 
interpreting relative change between years.  
Though there may be issues with the accuracy of prairie grouse production indices 
given the present sampling design, the data still serve as a valuable complement to the 
breeding ground counts. Prairie grouse production in the Sandhills does not appear to 
have a strong relationship to spring abundance and merits separate monitoring (Figure 
4.17). An independent estimate of production can provide insight into which vital rates 
are driving spring counts.  If lek counts are low following a year of poor production, it is 
reasonable to infer that prairie grouse abundance has declined, at least in part, because of 
limited recruitment. However, if the spring counts are low following a year of high 
production, survival is the mechanism driving population change. Biologists can target 
the limiting vital rate through their management actions to increase prairie grouse 
abundance. 
Prairie grouse, like most upland game birds, are considered to be production-
driven species, meaning the number of offspring grouse produce has more influence on 
population size than adult survival (Wisdom and Mills 1997, Akcakaya et al. 2004). 
Prairie grouse fecundity has been found to be the most elastic vital rate for these species 
(Wisdom and Mills 1997), meaning that it has significant influence on population growth 
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rates. Increasing production for sharp-tailed grouse populations may be important to 
increase abundance. The proportion of juvenile sharptails in the population come autumn 
increases when spring breeding ground counts are high (Figure 4.20). When sharp-tailed 
grouse are abundant, they have more babies which should lead to larger populations if 
survival is constant across population sizes.  
Unlike sharptails, for prairie-chickens higher spring counts resulted in a smaller 
proportion of juveniles observed in the fall (Figure 4.20). Prairie-chickens in the 
Sandhills appear to exhibit density dependent reproduction with birds producing fewer 
chicks when population sizes are large (Figure 4.20). While density dependent 
reproduction has not been documented in the literature for greater prairie-chickens, it has 
been observed in populations of ring-necked pheasants (Phasianus colchicus) and 
bobwhite quail (Colinus virginianus) established on remote islands (Einarsen 1945, 
Cookingham and Ripley 1964, Guthery and Shaw 2013). Negative density dependence 
has also been observed in lesser prairie-chickens (Hagen et al. 2017), but it could not 
specifically be attributed to production. Density dependent reproduction in prairie-
chickens helps to explain the mismatch between wing ratios and lek counts observed in 
Figure 4.16. The negative effects of density dependence on production mean that for 
prairie-chickens, efforts to increase abundance by improving reproductive success will 
become less effective as population sizes increase.  
Prairie grouse production has declined since 1956 (Figure 4.15). However, the 
mechanism responsible for declines may differ between species. Prairie-chicken 
reproduction is constrained by negative density dependence (Figure 4.20). The number of 
juvenile prairie-chickens per adult has likely decreased over time in response to increased 
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abundance in the Sandhills. Sharp-tailed grouse production is not limited by negative 
density dependence (Figure 4.20). Declining sharptail wing ratios are likely the result of a 
change in the environment that has reduced nest success or chick survival. A 
compounding effect of environmental change and density dependence may be why 
prairie-chicken production has declined more steeply than their congeneric.  
However, Figure 4.21 reveals that both prairie grouse species are subject to 
negative density dependence and this is further supported by the population models in 
Chapter 6. As the pooled index value of spring lek counts increases, the observed 
population the following spring declines, evidenced by deviations from the 1:1 line 
representing an identical index value (indicative of no change in abundance) obtained in 
two consecutive years (Figure 4.21). While the density dependent relationship can be 
explained by production for greater prairie-chickens, sharptail production does not appear 
to decrease with population size (Figure 4.20). Negative density-dependence observed in 
sharptails may mean that survival decreases as population size increases.  
There is no documentation in the literature of negative density dependence in 
sharp-tailed grouse. Perturbation analysis of simulated sharp-tailed grouse populations 
revealed that population viability was more sensitive to changes in adult survival than 
production (Milligan et al. 2018). The sensitivity of population change to adult survival is 
logical if survival is subject to negative density dependence, but production is not. While 
greater prairie-chicken survival may also be density dependent, the effect of survival 
cannot be teased apart from production with the data available.  
Negative density dependence in prairie grouse has consequences for population 
management because adult survival and production cannot be improved simultaneously 
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to increase abundance if a population is near carrying capacity. For example, a lack of 
adequate nesting cover is often cited as a factor limiting prairie-chicken production 
(Bergerud 1988, Hagen et al. 2004). As population size increases, a smaller proportion of 
females will be able to initiate nests as available nesting sites are exhausted. This will 
reduce overall fecundity, the number of offspring produced per female. Fecundity is 
density dependent because the proportion of females that reproduce is determined by the 
population size. Increasing female mortality boosts fecundity as a larger proportion of the 
remaining females have an opportunity to reproduce. However, as the number of adult 
females increases, reflecting an increase in survival, fecundity will again decline, limited 
by the availability of nesting cover. This tradeoff between fecundity and survival is 
reflected in the intrinsic rate of increase equation for a fixed value of r, where r is equal to 
the number of births minus deaths in the absence of immigration and emigration.  
Prairie grouse abundance may not easily be increased in a fixed area because of 
the effects of negative density dependence. As prairie grouse habitat is lost or 
fragmented, making remaining habitat areas more productive for these birds may be met 
with limited success. Negative density dependence results in population growth rates 
decreasing as population size increases because of resource limitations. Prairie grouse in 
the Sandhills, a large, contiguous grassland, exhibit negative density dependence because 
of environmental constraints. Habitat loss or fragmentation exacerbates the problem of 
resource limitations because there are simply fewer resources available on the landscape 
for prairie grouse. The primary reason prairie grouse populations are declining across 
much of their range is because of habitat loss and fragmentation (Hamerstrom and 
Hamerstrom 1961, Kirsch et al. 1978, Svedarsky et al. 2003, Robb and Schroeder 2005, 
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Connelly et al. 2020, Johnson et al. 2020). Resource managers need to be aware that 
sharptails and prairie-chicken populations are subject to negative density dependence 
because it means that more birds cannot simply be reared in smaller areas of remaining 
habitat to reverse declines in abundance.  
There is little hope for the persistence of prairie grouse on the landscape if large, 
intact grassland ecosystems, like the Sandhills, are lost. Density dependence will limit 
population size in small areas of habitat and leave prairie grouse vulnerable to local 
extinction via demographic stochasticity and catastrophic environmental events (Guthery 
and Shaw 2013). Degradation of remaining habitat will intensify resource constraints and 
the effect of negative density dependence. To ensure the persistence of prairie grouse on 
the landscape, resource managers should prioritize the preservation of existing habitat 
and seek to reverse habitat loss, if possible (Guthery and Shaw 2013). Improving the 
quality of remaining habitat may also help to increase prairie grouse abundance by 
reducing resource limitations that contribute to negative density dependence. Preserving 
existing habitat and preventing habitat degradation are the two most important steps 
resource managers can take to ensure the persistence of prairie grouse.  
Conclusion 
Prairie-chicken populations in the Sandhills have increased since 1956, while 
sharp-tailed grouse abundance is stable or possibly declining (Figures 4.4 and 4.5). The 
ranges of both prairie grouse species have changed during the same period, with the 
population center of sharptails shifting from central Nebraska to the north and west 
(Figure 4.11) whereas the prairie-chicken’s range has expanded westward into the 
Sandhills (Figure 4.12). Abundance of both species of prairie grouse is constrained by 
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negative density dependence (Figure 4.21). However, I provide evidence that density 
dependance may act on different vital rates for prairie-chickens and sharp-tailed grouse. 
As abundance increases, negative density dependence reduces the production of greater 
prairie-chickens (Figure 4.20) and the survival of sharp-tailed grouse (Figure 4.21).  
Spatial population trends and density dependence have implications for the 
monitoring and management of prairie grouse in the Sandhills. My results suggest that 
historical breeding ground survey route data and counts gathered moving forward should 
be analyzed on a route or sub-route spatial scale rather than pooling data across the 
Sandhills to inform conservation management objectives. The pooled index may 
accurately reflect abundance trends when a species is increasing or decreasing on all 
routes, as seen with prairie-chickens (Figure 4.3). If, like sharptails, a species’ range 
shifts over time or abundance trends have opposite directionality, a pooled index may 
mask important aspects of population change (Figure 4.3). Spatially explicit population 
analyses will best represent range shifts and declines along the margins of a species’ 
range that may influence state-wide abundance trends. All lek count and wing-ratio data 
should be recorded together with geographic information to allow for spatially explicit 
analyses, as well as the association of abundance and production trends with 
environmental parameters. Location data will help resource managers tie range shifts and 
population changes to the environmental or demographic processes underlying them.  
Although incorporating the collection of spatial data into monitoring protocols 
will provide additional insight into prairie grouse population trends, modifications to the 
coverage and spatial distribution of surveys are necessary to improve the accuracy of 
population estimates. NGPC should consider expanding the spatial coverage of routes to 
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include areas that fall along the margins of the species range to detect changes in range 
size or range shifts over time. While the sharptail population center has shifted west over 
time and prairie-chickens have become more abundant along the southeastern edges of 
the Sandhills (Figures 4.11 and 4.12), there are no survey routes beyond these areas to 
monitor birds, if they are present. Range shifts may present as an apparent decline in 
abundance if birds move to areas where they are not counted which could partially 
explain the decrease in sharptail numbers (Figure 4.3). The spatial distribution of routes 
within the central Sandhills should also be reconfigured to ensure adequate sampling of 
each species across various segments of its range. Sharptailed grouse, although they 
appear on all 25 historical survey routes, have fewer transects that fall within their core 
range than prairie-chickens (Figure 4.1) which may misrepresent sharptail abundance if 
NGPC continues to pool index data across management units. The survey protocol should 
be adjusted to account for detection probability to improve the accuracy of parameter 
estimation, which was a problem when populations were small and likely undercounted 
(Figures 4.6 and 4.8). Expanding the coverage and spatial distribution of population 
surveys, as well as incorporating a method for estimating detection probability into the 
protocol will help resource managers to distinguish between true population trends and 
artifacts of survey design.  
Accurate monitoring of prairie grouse populations in Nebraska is of particular 
importance because it is one of the only remaining locations in the United States where 
greater prairie-chicken populations are doing well. Declines in the Sandhills population 
could threaten the persistence of the entire species. Collecting monitoring data in a 
spatially conscious manner will allow exploration of the environmental and demographic 
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processes shaping population trends. An understanding of why greater prairie-chickens 
and sharp-tailed grouse are doing well in the Sandhills will help to inform conservation 
measures elsewhere.  
Evidence of density-dependent production and survival in Nebraska’s prairie 
grouse means that resource managers should focus on preventing habitat loss and 
fragmentation rather than trying to produce more birds on small, but high-quality tracts of 
habitat. Although the mechanisms that give rise to density dependence in prairie grouse 
are not well understood, maintaining large, intact grassland landscapes that maximize 
habitat availability will minimize density dependent effects on population growth. 
Resource managers should focus on preserving existing prairie grouse habitat and 
preventing degradation to ensure the persistence of prairie grouse.  
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Figure 4.2: Years of availability of prairie grouse breeding ground survey route 
count data from 1956 to 2018 for each of the 25 historical transects located in the 
Sandhills of Nebraska, USA. The black rectangles represent the presence of count 
data on a route for a given year and the white spaces record an absence of data.  
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Figure 4.3: Mean number of male sharp-tailed grouse and greater prairie-chickens per 
breeding ground survey route from 1956 to 2018 in the Sandhills of Nebraska, USA. 
Trend lines are shown with 95% confidence intervals.  
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Figure 4.4: Stochastic sharp-tailed grouse logistic population growth model using 
pooled breeding ground survey route data from 25 historical routes in the Sandhills of 
Nebraska, USA. The lines represent the average male counts from individual model 
runs with all populations originating at the 1956 observed average male count and 
increasing or decreasing each year based on an intrinsic rate of increase value 
sampled from a normal distribution of values with the mean and standard deviation 
generated from the growth rates derived from the count data from 1956 to 2018. Of 
the 100 iterations of the model run, 55 resulted in sharptail populations with average 
male counts lower than the 1956 starting value. The points represent observed 
average male counts for each year.  
Sharp-tailed grouse 
populations decreased 
in 55/100 trials 
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Figure 4.5: Stochastic greater prairie-chicken logistic population growth model using 
pooled breeding ground survey route data from 20 historical routes in the Sandhills of 
Nebraska, USA. The lines represent the average male counts from individual model 
runs with all populations originating at the 1956 observed average male count and 
increasing or decreasing each year based on an intrinsic rate of increase value 
sampled from a normal distribution of values with the mean and standard deviation 
generated from the growth rates derived from the count data from 1956 to 2018. Of 
the 100 iterations of the model run, 100 resulted in prairie-chicken populations with 
average male counts higher than the 1956 starting value. The points represent 
observed average male counts for each year.  
Prairie-Chicken 
populations increased 
in 100/100 trials 
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Figure 4.10: Prairie grouse population trends on breeding ground survey routes 
from 1956 to 2018 in the Sandhills of Nebraska, USA with emphasis on spatial 
variation in trends across the species’ respective ranges. Each population trend 
inset figures depicts the number of males observed on a route with sharp-tailed 
grouse represented in blue and greater prairie-chickens shown in black. The 
absence of a species from a figure indicates that that species was never observed 
at that location. The colors of the route midpoints represent the number of 
different decades data was collected on a route. A decade, for the purposes of 
this figure, is defined as a grouping of calendar years with the same numeric 
value in the tens place (ex. 1990-1999). If a survey was conducted on a route at 
least once during a ten-year period, I considered a decade of data to be 
represented.  
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Figure 4.14:  Number of juvenile greater prairie-chickens and sharp-tailed grouse 
per 100 adults from 1956 to 2018 calculated from wing ratio data pooled across 
counties that fall completely or partially within the overlapping range of both 
species in the Sandhills of Nebraska, USA. (Chapter 1, Figure 2). The dashed line 
represents a 1:1 ratio of juveniles to adults, the level or reproduction necessary to 
maintain a stable population if adults only survived for a single year. All wing ratio 
trends are displayed with 95% confidence intervals calculated using the delta 
method.  
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Figure 4.15: Scatter plot of the number of juvenile greater prairie-chickens and sharp-
tailed grouse per 100 adults from 1956 to 2018 calculated from wing ratio data pooled 
across counties that fall completely or partially within the overlapping range of both 
species in the Sandhills of Nebraska, USA (Figure 2, Chapter 1) with general linear 
model trend lines and 95% confidence intervals indicating a decrease in production 
over time. The dashed line represents a 1:1 ratio of juveniles to adults, the level or 
reproduction necessary to maintain a stable population if adults only survived for a 
single year.  
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Figure 4.16: Comparison of the number of juvenile sharp-tailed grouse per 100 adults 
harvested in the fall of 1973 (top inset) to the spring breeding ground survey counts 
collected in the spring of the same year (bottom inset). The grey counties in the top 
inset represent an absence of data for that year. The pink dots in the bottom inset 
represent route midpoints where data was collected in 1973.  
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Figure 4.17: Autumn greater prairie-chicken (upper panel) and sharp-tailed grouse  
(lower panel) wing ratios (purple line) and spring breeding ground survey counts 
(black line) from 1956 until 2018 pooled across all counties in the Sandhills of 
Nebraska, USA.  
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Figure 4.18: Comparison of the number of juvenile sharp-tailed grouse per 100 adults 
harvested in the fall of 1972 (top inset) to the spring breeding ground survey counts 
collected in the spring of the following year, 1973 (bottom inset). The grey counties in 
the top inset represent an absence of data for that year. The pink dots in the bottom 
inset represent route midpoints where data was collected in 1973.  
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Figure 4.19: Autumn greater prairie-chicken (upper panel) and sharp-tailed grouse 
(lower panel) wing ratios (purple line) and spring breeding ground survey counts 
(black line) lagged by one year to represent a survey conducted the following spring 
from 1956 until 2018 pooled across all counties in the Sandhills of Nebraska, USA.  
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CHAPTER 5: ENVIRONMENTAL TRENDS 
Introduction 
Prairie grouse are species of unique conservation concern in the Great Plains. 
Both greater prairie-chickens and sharp-tailed grouse have experienced precipitous 
population declines following agricultural intensification due to the loss and degradation 
of their grassland habitat (Connelly et al. 2020, Johnson et al. 2020). A few fragmented 
populations of greater prairie-chickens remain scattered throughout the species’ native 
range, the tallgrass prairies of the central United States (Johnsgard 2002, Svedarsky et al. 
2003). Presently, stable populations are found only in areas of range acquired since the 
expansion of cropland agriculture (Johnson et al. 2020). Sharp-tailed grouse no longer 
occupy over half of their historic range in the United States and populations, where they 
remain, are declining (Storch 2007). The Sandhills of Nebraska are presently the core of 
the greater prairie-chicken’s range and the southern-most extent of the plains sharp-tailed 
grouse in North America. Nebraska is also one of the few remaining locations where 
harvest of both species is permitted. The population status of prairie grouse in the 
Sandhills is of interest to harvest managers and conservationists alike, as game birds and 
species of ecological concern.  
Historical accounts describe the devastating effects of market hunting, drought 
and overgrazing on prairie grouse populations in Nebraska during the century before 
1950 (Sisson 1976, Vodehnal 1999). While people were beginning to recognize the 
relationships between wildlife populations and the landscapes they occupy, the 
understanding was observational rather than rooted in quantitative evidence.  There was 
no formal method to measure wildlife abundance or quantify environmental change. As 
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the public began to acknowledge their responsibility for the decline of prairie grouse, 
they also recognized that humans possessed agency to protect vulnerable species. 
 Assessing the severity of anthropogenic threats to prairie grouse required 
information of the status of populations. In 1955, the Nebraska Game and Parks 
Commission implemented a formal prairie grouse monitoring protocol, conducting 
breeding ground surveys each spring. These surveys provided the first quantitative 
measure of prairie-chicken and sharptail abundance in Nebraska. Breeding ground count 
data was used to assess the sustainability of a harvest after the moratorium on prairie 
grouse hunting was ended in 1950.  
Even though resource managers acknowledged that population change was 
coupled not only with hunting pressure, but also landscape change, efforts were not made 
to explicitly quantify environmental shifts until 1968.  NGPC biologists began cover 
mapping along breeding ground survey transects to document shifting land use. The 
information obtained showed that prairie grouse population declines were correlated with 
the loss of grassland area (Nebraska Game and Parks Commission 1979). However, the 
high percentage of private land ownership in the Sandhills meant that land use practices 
were largely outside of the control of resource managers. The cover maps were also time 
intensive to make so efforts to quantify environmental change were quickly abandoned.  
 Understanding of the environmental factors driving prairie grouse population 
trends in the Sandhills is still primarily observational. The extra investment of time, 
manpower and financial resources needed to collect habitat data in conjunction with 
monitoring data makes quantifying environmental change untenable for most state 
wildlife management agencies. While advances in technology have resulted in a 
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proliferation of remotely sensed ecological data products, these datasets only capture 
environmental change going back the 1970s and the advent of satellite imagery. My goal 
is to quantify changes in hypothesized environmental population drivers of prairie grouse 
in Nebraska for the entire period breeding ground monitoring surveys have been 
conducted. 
 I used free, publicly-available sources of data to create indices of predation 
pressure, land use change and climate that will provide resource managers with 
quantitative evidence of environmental drivers of prairie grouse abundance when 
breeding ground and environmental indices are combined in a population modeling 
framework. I selected nationally available sources of environmental data so this approach 
could be replicated in other states that collect long-term monitoring data for prairie 
grouse or other species of wildlife. All data are rendered with a yearly temporal 
resolution at the smallest spatial scale that produced a meaningful index value for the 
Sandhills. This chapter describes, in detail, the methods used to create indices of harvest 
pressure, bird of prey populations, grazing intensity, crop, hay, and Conservation Reserve 
Program (CRP) grassland cover, drought and winter severity from 1955 to 2018 for the 
Sandhills of Nebraska.  
Description of Indices 
Hunting Pressure Index 
Using data collected from the Nebraska Game and Parks Commission hunter 
small game surveys between 1955 and 2018, I created an index of prairie grouse hunting 
pressure across the state of Nebraska. Since prairie grouse reporting on the small game 
survey does not distinguish between species taken, I could not adjust species-specific 
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counts by adding a harvest parameter to the population model. I decided to model hunting 
as a form of predation and quantify the hunting pressure experienced by prairie grouse 
populations to circumvent the lack of species-specific harvest information. While the 
number of prairie grouse hunters per year would be a logical metric of hunting pressure, 
the number of birds harvested per hunter varies greatly between years (D. Berger, 
unpublished data). The unit of hunting pressure a single hunter represents differs across 
years of the survey. However, harvest efficiency is relatively constant with approximately 
one bird taken per day in the field (D. Berger, unpublished data). I used reported days in 
the field as an index of hunting pressure because the value of each unit is constant across 
time and not distorted by changes in the size of grouse or hunter populations.  
Bird of Prey Index 
Using Breeding Bird Survey (BBS) data from 1967-2018, I created a change over 
time index for bird of prey populations in the Nebraska Sandhills (Pardieck et al. 2020). 
In my preliminary analysis, I included all raptor species seen on a BBS route in the 
Sandhills and of sufficient body size to kill a prairie grouse. Four species, red-tailed 
hawks (Buteo jamaicensis), Swainson’s hawks (Buteo swainsoni), northern harriers 
(Circus hudsonius) and great horned owls (Bubo virginianus), accounted for the majority 
of observations and displayed non-static population trends over time. My final index 
includes only these four species because their counts drove regional bird of prey trends. 
Predation of greater prairie-chickens and sharp-tailed grouse by these raptor species was 
also corroborated in the literature (Schroeder and Baydack 2001).  
I included data from all BBS routes that fell partially or entirely within the 
boundary of the Sandhills, dividing routes into eastern and western regions with the 
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separating line running north and south along the eastern boundary of Cherry County. 
This eastern-western division captured apparent differences in the abundance of red-
tailed and Swainson’s hawks in different regions of the Sandhills. Yearly raptor counts on 
individual BBS routes provided insufficient sample size to capture population trends. I 
summed the BBS counts for all four species across all routes surveyed in a region in a 
given year and divided by the number of routes to produce an average per route raptor 
count. Taking the mean of the count data allowed me to control for year to year variation 
in the number of BSS routes surveyed. I replaced missing data from the years before the 
survey began in 1967 with the 1967 value.  
Grazing Pressure Index 
The grazing pressure index approximates the yearly cattle stocking rate in animal 
unit months (AUMs) per acre of pastureland by grazing region for counties in the 
Sandhills. An AUM is the standard unit used to describe demand for forage resources by 
cattle. One AUM is the amount of forage consumed by a 1000-pound head of cattle in 
one month (Stoddart and Smith 1955). I used counts of cattle, by type, required to 
approximate AUM forage demand and the land cover data necessary to calculate acres of 
pastureland from the 1954 to 2017 NASS Censuses of Agriculture, conducted once every 
five years (USDA National Agricultural Statistics Service 2020b). I calculated AUM 
demand for forage for each census year following methods similar to those outlined in 
Cumming et al. (2019) with modifications to the formulas to account for use across time 
rather than in just a single year. I will emphasize the changes I made to the Cumming et 
al. (2019) methods here, but that paper should serve as a reference for the foundational 
stocking rate calculation. 
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 I approximated the AUM and pastureland components of the stocking rate by 
county for counties containing breeding ground survey routes. Individual counties often 
had implausibly high or low stocking rates given general grazing practices in the 
Sandhills. Cumming et al. (2019) concluded this county-level error was a result of leased 
grazing to adjacent counties and arose because cattle are counted in their present location 
on December 31st. Following their suggestion, I pooled AUM demand and pastureland 
acres across counties with routes in a grazing region to create a regional stocking rate. 
My study area included counties from four different grazing regions — the Panhandle, 
Sandhills, North Central and South Central. Given that so few counties fell within the 
Panhandle and South Central grazing regions, I felt it was inappropriate to call them by 
regional names and instead relabeled them to reflect the counties included. Sheridan-
Garden consist of counties from the Panhandle. Custer is the sole county included from 
the South Central region.  
The grazing region designation determined the number of months on pasture by 
cattle type and the calving time multipliers (Table 5.1). I scaled the animal unit multiplier 
(AUM) over time to account for an increase in mean cattle weight since the 1970s. I used 
approximations of cattle weight change from 1975 to 2005 derived from mean carcass 
weights at slaughter back-converted to live weights (McMurry 2009). I assumed that the 
change in weight over time was linear and estimated an average five-year increase in 
weight by cattle type. I assigned the cattle weights provided in the Cumming et al (2019) 
paper to the 2007 census year because they were closest to the slaughter live weight 
approximations for 2005, the last year of carcass weight data (Table 5.1).  
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In reverse chronological order beginning in 2002, I adjusted the cattle weights by 
type for each census period by subtracting the five-year average weight change from the 
cattle weight in the previous census period. For example, the cattle weights by type in 
2002 are the 2007 census period cattle weights minus the five-year average weight 
change by cattle type. I made this adjustment for every census period through 1974 and 
used the average weight for the grazing period by cattle type from 1974 for any earlier 
census periods. I terminated weight adjustments with the 1974 census because cattle 
numbers peaked in most Nebraska counties around this time. I assumed that the 
subsequent decline in cattle numbers was caused by a trade-off between weight and 
number of head to maintain a constant stocking rate. The genetic revolution that lead to 
an increase in cattle weight also began in the mid-1970s providing additional justification 
for using the 1974 census as a cutoff for weight adjustments (McMurry 2009). For 
censuses following the 2007 report, I added the five-year weight adjustment value to the 
average weight for the grazing period by cattle type from the prior census. For example, 
the 2012 census period cattle weights by type are the sum of the 2007 cattle weights and 
the five-year average weight change adjustments.  
I obtained the number of cattle by type in each county using the cattle and calves, 
cows and heifers that calved, beef cows, milk cows, cattle on feed, other cattle, heifers 
and heifer calves, and steers, steer calves, bulls and bull calves data categories from the 
NASS Censuses of Agriculture (USDA National Agricultural Statistics Service 2020b). I 
made several assumptions to compensate for missing data. The number of cattle and 
calves and cows and heifers that calved were present on every census. The number of 
cows and heifers that calved is the sum of the beef cow and milk cow subgroups. When 
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the subgroup data was unavailable, I assumed the number of milk cows for a census year 
was equal to the average number of milk cows from the corresponding five-census group 
(1949-1969, 1974-1992, 1997-2017). I subtracted the number of milk cows from the total 
number of cows and heifers that calved and assumed that the difference approximated the 
number of beef cows.  
I filled in the cattle on feed numbers in a similar manner, considering the missing 
census year to be equal to the average cattle on feed value from the corresponding five-
census group apart from the 1949-1969 census group. Cattle on feed numbers were often 
missing from the early census years (1949, 1954). The prevailing trend across counties 
was that the number of cattle on feed increased dramatically between the first census year 
reported and the 1969 census. Using the average value across a five census period 
produced a trend where there were large numbers of cattle on feed in the early surveys, a 
precipitous drop when the first survey value was reported, followed by a jump in 
numbers in the later surveys. Because it is unlikely that cattle on feed numbers declined 
dramatically without corresponding declines in the total number of cattle and calves in 
each county, I replaced any missing values before the first reported value with the first 
reported value.  
Prior to the 2002 census, other cattle were sometimes reported as two separate 
subgroups, heifers and heifer calves and steers, steer calves, bulls and bull calves. When 
the other cattle value was missing, I replaced it with the sum of these two subgroups. 
These substitutions resulted in additional complete time series for the beef cows, milk 
cows, cattle on feed and other cattle data categories. 
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 I followed the assumptions set forth in Cumming et al. (2019) to calculate the 
number of cattle by type. Cow calf pairs are equal to the number of beef cows in a given 
census year. The number of non-lactating cows is also equal to the number of cow calf 
pairs with the period of absent milk production occurring after calf weaning. 
Replacement heifers are equal to 20% of the beef cow numbers, with 10% considered 
replacement heifer calves and 10% heifer yearlings. The number of bulls is equal to 4% 
of the beef cow numbers to approximate a 1 to 25 bull to cow ratio. The number of 
stockers grazing is equal to the number of other cattle minus replacement heifer calves, 
replacement heifer yearlings, bulls and cattle on feed.  
Stockers =  Other Cattle − Replacement Heifer Calves (10% beef cow numbers)  
−  Replacement Heifer Yearlings (10% beef cow numbers)   
−  Bulls (4% beef cow numbers) − Cattle on Feed                      (5.1)         
 
I converted the numeric estimates for each class of cattle to AUMS by 
multiplying the counts by the animal unit and months on pasture estimates for each year 
and region, accounting for split spring and fall calving with an additional fraction of total 
multiplier, if necessary (Table 5.1). I summed over all classes of cattle to produce a total 
AUM demand for grazing resources in each county for each census period. However, 
AUM demand did not provide a true index of grazing pressure because the amount of 
pastureland available for grazing also varied between censuses. 
Acres of pastureland are reported in the NASS census data as acres of cropland 
used for pasture and grazing, acres of woodland pastured, and acres of pastureland and 
rangeland other than cropland and woodland pastured. For Arthur and Grant counties, 
there were uncorrected reporting issues in the historical data that resulted in the total 
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acres of pastureland exceeding the total acreage of the county, likely because the 
pastureland categories were not interpreted as being mutually exclusive. Comparing the 
2012 pastureland estimates by county from the NASS census data to the information 
extracted from the NASS Cropland Data Layer in the Cumming et al. (2019) paper, 
pastureland was significantly under-reported in many counties in the census.  To 
minimize variation in stocking rates resulting from reporting discrepancies, I 
approximated acres of pastureland by taking the total acreage of each county excluding 
 urban lands and surface waters and subtracting the total cropland area from the NASS 
census data. All acres planted in row or small grain crops were considered cropland. Hay 
and CRP acres were counted as pastureland because these land cover types are also often 
grazed. This method likely overestimates pastureland acres, especially if all wooded areas 
in a county are not grazed. However, excluding cropland acres from grazing when they 
are often grazed minimizes the likelihood of overestimating pastureland.  
I pooled AUM demand and pastureland acres for all counties with breeding 
ground survey routes in a grazing region (Figure 5.4) and divided the AUMs by acres of 
pastureland to obtain an index of stocking rate (AUMs/acre). The NASS census data is 
only available every five years, but my modeling approach detailed in Chapter 6 requires 
yearly stocking rate estimates. Rather than interpolate between censuses, I considered my 
stocking rate estimate from a census year to be the yearly estimate until superseded by 
data from the next census.  
The grazing pressure index should be treated as an index. While the index 
represents the general trend of change in stocking rate over time, stocking rate estimates 
for an individual census should be interpreted with caution. However, all stocking rate 
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approximations do appear to be plausible estimates of conservative grazing practices in 
the Sandhills. Error in the grazing index is likely higher in regions that only include a few 
counties, like Sheridan-Garden and Custer, because adjacent counties that may have 
participated in leased grazing are not included. The index also does not account for 
forage available on the landscape which follows an east to west gradient in the Sandhills, 
with vegetation being more abundant in the east (Podebradska et al. 2019). Studying 
stocking rates with respect to forage availability will provided clearer insight into the true 
impact of grazing pressure on the landscape (Cumming et al. 2019).  
Land Use Change Indices: Crop, Hay and CRP 
I used county-scale crop statistics from the 1955-2018 National Agricultural 
Statistical Services (NASS) surveys, conducted on a yearly basis, as a proxy for land use 
change over time in the Sandhills (USDA National Agricultural Statistics Service 2020a). 
I considered three categories of agricultural land use when creating my yearly, county-
level indices: crops, hay, and CRP grasslands. The crop index is the sum of all acres 
planted in row or small grain crops. The hay index represents the total acres of grass or 
alfalfa hay harvested. The CRP grassland index describes the total acres of supplemental 
grassland planted in previously cropped areas.  
Historically, the loss of grassland in the Sandhills has been the result of cropland 
conversion (Sisson 1976, Vodehnal 1999). Grassland acreage, while it can be ascertained 
from satellite imagery starting in the 1970s, was not consistently reported back to 1955. 
NASS cropland data is available for the entire time period of my study. The crop, hay and 
CRP indices represent an agricultural land use that is something other than undisturbed, 
native Sandhills grassland and serve as a proxy for the loss of prairie acreage. Although 
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hay acres might be native grassland acres, the fact that the grass is mowed makes it 
structurally different from the surrounding prairie for at least part of the year and may 
impart different habitat value from the uncut grassland. CRP grasslands, in the context of 
a prairie-dominated landscape may also be structurally and compositionally different 
from the native grassland. CRP acres are planted from seed mixes that may be dissimilar 
from Sandhills vegetation and may be very dense compared to native vegetation. Again, 
this provides different habitat value for wildlife than natural grasslands (Rodgers and 
Hoffman 2005). Collectively, the land use change indices represent a loss of native 
grassland acreage over time.  
Climate Indices-Drought and Winter Severity 
I evaluated the relationship between drought, winter severity and spring lek 
counts using two common weather-related indices, the Self-Calibrated Palmer Drought 
Severity Index (SCPDSI) and the Accumulated Winter Season Severity Index (AWSSI).  
The Palmer Drought Severity Index (PDSI) quantifies long-term drought using 
temperature data and a physical water balance model that accounts for the difference 
between moisture supply and demand over the past 12-months to estimate relative 
dryness (Palmer 1965). The index typically ranges between -5 (dry) and 5 (wet) with 
values less than -3 representing severe to extreme drought and values greater than 3 
indicating periods of very high to extreme moisture (Palmer 1965). The SCPDSI is a 
modification of the PDSI that replaces formula constants with values calibrated to the 
location where the data was collected (Wells et al. 2004). The site-specific constants used 
in SCPDSI provide a local threshold to evaluate drought conditions and improve the 
accuracy of comparison between sites (Wells et al. 2004). Given that the Sandhills have 
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an east to west precipitation gradient, it is important to account for site-level differences 
when evaluating the severity of drought, rather than relying on regional constants.  
The Accumulated Winter Season Severity Index (AWSSI) provides a site-specific 
characterization of the severity of a winter when interpreted in the context of a time-
series of local values (Boustead et al. 2015). AWSSI uses temperature, precipitation and 
date thresholds to define the onset and cessation of winter. In the intervening period, a 
site accumulates daily points based on temperature, snowfall and snow depth which when 
totaled over the winter provide an index value that can be interpreted relative to data 
collected in other years at the same location. Larger values of the winter severity index 
represent a more severe winter. 
 I gathered data collected between 1955 and 2018 from the weather station closest 
to the geographic midpoint of each route to minimize variation resulting from the north-
south route axis. I used pre-calculated SCPDSI data products from the National Drought 
Mitigation Center for my drought index (National Drought Mitigation Center 2020). The 
yearly drought index value reported is an average SCPDSI value across the months of 
May, June and July, the prairie grouse breeding season. I downloaded raw temperature 
and precipitation data from the Applied Climate Information System (ACIS) (ACIS 
2020) database and calculated AWSSI scores for each site following the methods 
outlined in Boustead et al. (2018) using the statistical software package R (R Version 
3.6.2, www.r-project.org, accessed 25 March 2020). If any climate data was missing for a 
portion of the time series, data from the next closest weather station was used to fill in the 
gap.  
While the SCPDSI is representative of the effects of drought on prairie grouse,  
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the AWSSI index is a human-centric assessment of winter severity. As such, it may not 
accurately represent the effects of temperature and snow accumulation on prairie grouse. 
Both higher snowfalls and colder temperatures result in the accumulation of more points 
indicative of a more severe winter. However, prairie grouse have been observed to snow 
roost (Toepfer and Eng 1988). Deeper snow conditions provide thermal refugia that are 
beneficial to the survival of prairie grouse, yet snow depth is a penalty (greater snow 
depth leads to a more severe winter index score) in the AWSSI index formula. Periods of 
prolonged low temperatures may also be worse for prairie grouse survival than individual 
days with cold temperatures. However, the index assigns points based on maximum and 
minimum temperature on a single day. The overwinter survival of prairie grouse has 
typically been observed to be high (Toepfer and Eng 1988), so there is little information 
in the literature about temperature and snow thresholds that may be of importance. 
Further research is needed to create prairie grouse-specific indices of winter severity. The 
effect of winter severity on prairie grouse, when viewed through the anthropogenic lens 
of AWSSI as in this report, should be interpreted cautiously. Given that the index value is 
likely not representative of the experience of birds on the landscape, the AWSSI may 
explain limited variation in population trends of grouse (Chapter 6).  
Accounting for Missing Data 
As previously mentioned, all indices required complete time series of data 
between 1955 and 2018 to function as covariates in the modeling framework outlined in 
Chapter 6. Unless otherwise specified, if data was missing at the beginning of the time 
series, the first observed values was used to fill in all incomplete years. If data was 
missing from the end of a time series, the last observed value was used to fill in all 
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incomplete years. If data was missing in the middle of a time series, an average of the 
data points from years on either side if the incomplete year was used to fill in the missing 
value.  
Means and standard deviations for each index by species provided in Tables 5.2 
and 5.3 were used to standardize the data by calculating z-scores as described in Chapter 
6. Measures of central tendency and spread are calculated across all survey routes and 
years for each species. For example, the mean value of the drought index (SCPDSI) for 
prairie-chickens was calculated using route-specific data from 1955 to 2018 for all the 
routes where prairie-chickens were historically observed. The mean is informed by local 
and temporal variation in an environmental covariate but represents an average value 
across space and time.  
Results 
Hunting Pressure Index 
The number of hunter days in the field described by the index of harvest pressure 
increased until the early 1980s and has steadily declined thereafter (Figure 5.1). The 
minimum number of days spent in the field was 7,489 during the restricted hunting 
seasons of the 1950s and a maximum of 89,797 days in the field occurred during the 
early 1980s. The mean number of hunter days in the field across all years was 47,544 (SD 
= 20,011) (Table 5.2).  
Bird of Prey Index 
The mean number of raptors per BBS survey route increased over time in both the 
eastern and western regions of the Sandhills (Figure 5.2), but increases were greater in 
the western region (Figure 5.3). Eastern region mean raptor counts ranged from a 
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minimum of zero birds per route to a maximum of 3.5 (Figure 5.3). The western region 
also had a minimum of zero raptors observed and a maximum of 7.75 birds per route 
(Figure 5.3). The mean number of birds of prey per route was 1.987 and 1.817 (SD = 
1.396, SD = 1.338) across all years for sharptail and prairie-chicken routes respectively 
(Tables 5.2 and 5.3). 
Grazing Pressure Index 
Both the grazing pressure and land use indices are reported in standard units most 
often used by resource managers and metric units by scientific convention. Stocking rates 
across the Sandhills generally increased over time (Figure 5.5). The highest stocking rate 
0.87 AUMs/acre (2.12 AUMs/hectare) was observed in the Custer County (South 
Central) grazing region (Figure 5.4) during the 1970s (Figure 5.5). The lowest stocking 
rate for Custer was 0.54 AUMs/acre (1.34 AUMs/hectare) during the 1950s (Figure 5.5). 
In the Sandhills grazing region (Figure 5.4), the lowest stocking rate, 0.56 AUMs/acre 
(1.38 AUMs/hectare), was also observed during the 1950s and the highest during the 
2017 census at 0.78 AUMs/acre (1.93 AUMs/hectare) (Figure 5.5). Stocking rates in the 
North Central grazing region (Figure 5.4) were similar to the Sandhills, with a high of 
0.79 AUMs/acre (1.96 AUMs/hectare) during the 2017 census and a low of 0.41 
AUMs/acre (1.01 AUMs/hectare) observed in the 1950s (Figure 5.5). Sheridan-Garden 
(Panhandle) (Figure 5.4) had the lowest stocking rates of any grazing region in my study 
(Figure 5.5). The highest stocking rate was 0.65 AUMs/acre (1.60 AUMs/hectare) around 
1980 and the lowest, 0.41 AUMs/acre (1.01 AUMs/hectare) was seen in 2012 census 
period (Figure 5.5).  
144 
 
   
 
The mean stocking rate across all sharp-tailed grouse routes was 0.602 
AUMs/acre (SD = 0.107) (1.49 AUMs/hectare, SD = 0.265) (Table 5.2). For greater 
prairie-chickens, the mean stocking rate was 0.615 AUMs/acre (SD = 0.109) (1.52 
AUMs/hectare, SD = 0.270) (Table 5.3).  
Land Use Change Indices 
Cropland area varies by county (Figure 5.6), but has generally increased since 
1955, reaching a peak around the year 2000, and declined thereafter (Figure 5.7). Across 
all years and counties, Grant County had the fewest acres of crops (0 acres, 0 hectares) 
and Custer County had the most (approximately 500,000 acres, 202,000 hectares) (Figure 
5.7). For sharp-tailed grouse routes 100,074 acres (SD = 99,590) (40,430 hectares, SD = 
40,234) was the mean cropland area (Table 5.2). The average cropland area present along 
greater prairie-chicken routes was 88,550 acres (SD = 92,880) (35,774 hectares, SD = 
37,524) (Table 5.3).  
Acres of hay harvested have declined across all Sandhills counties (Figure 5.6) 
since 1955 (Figure 5.8). Thomas County had the smallest hay harvest (8,000 acres, 3,232 
hectares) and Holt County the largest (471,000 acres, 190,284 hectares) (Figure 5.8). For 
sharptail routes, the mean hay harvest was 110,550 acres (SD = 92,340) (44,662 hectares, 
SD = 37,305) (Table 5.2). The average area of hay harvested across prairie-chicken 
routes was 111,210 acres (SD = 100,770) (Table 5.3) (44,929 hectares, SD = 40,771).  
Acres of CRP grassland planted peaked shortly after the initiation of the program 
in the Sandhills (Figure 5.6) in 1987 and have declined until present (Figure 5.9). Grant 
County has never had any acres of CRP, while Sheridan County had the most CRP 
acreage in the Sandhills (45,525 acres, 18,392 hectares). The mean CRP area associated 
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with sharptail routes was 5,450 acres (SD = 9190) (2,102 hectares, SD = 3,713) (Table 
5.2) and 4,090 acres (SD = 6,570) (1,652 hectares, SD = 2,654) for prairie-chickens 
(Table 5.3).  
Climate Indices 
Both drought and winter severity index values varied by survey route (Figures 
4.1, 5.10 and 5.11). The peaks and troughs of the drought index representing wet and dry 
years respectively are similar between routes (Figure 5.10). The minimum and maximum 
values of the drought index are -5 and 5 on the SCPDSI scale (Figure 5.10). The most 
severe winters occurred in the 1980s, a trend that holds across all routes (Figure 5.11). 
Minimum and maximum values of the winter severity index range between 8 and more 
than 700 AWSSI points (Figure 5.11). The mean value of the drought index was 0.057 
(SD = 0.991) for sharp-tailed grouse routes (Table 5.2) and 0.111 (SD = 1.995) for 
greater prairie-chickens (Table 5.3). The average winter severity index value was 221 
(SD = 90) for sharptail routes (Table 5.2) and 222 (SD = 90) for prairie-chickens (SD = 
89) (Table 5.3). 
Conclusion 
The metrics I proposed to capture environmental change in the Sandhills showed 
variation in predator populations, land use and climate during the time period prairie 
grouse have been monitored in Nebraska. The Sandhills ecosystem today has larger 
raptor populations, higher cattle stocking rates, more cropland and planted CRP grassland 
than was present on the landscape in 1955 when grouse monitoring began. Hay 
production has declined. The number of days grouse hunters spend in the field pursing 
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prairie-chickens and sharptails has increased. Since 1955, there have also been periods of 
drought and a few severe winters that have occurred in the Sandhills. My results show 
that in addition to temporal variability of the environmental variables of interest, there 
was also considerable spatial contrast across the Sandhills. A route-specific evaluation of 
the effects of predation, land use change and climate on local grouse populations is 
merited. All of the indices I have described in this chapter document variation or 
directional trends in environmental factors known to influence prairie grouse populations. 
Each index should be evaluated as a potential historical driver of grouse abundance in the 
Sandhills.  
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Table 5.1: Cattle weights, change in weight over time, and months on pasture by cattle 
type for cattle grazed in Nebraska used as multipliers in the grazing index formula. 
Modified from Cumming et al. 2019.  
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Index (Reported units) Mean Standard Deviation 
Harvest (Days in the field) 47544.780 20011.690 
Bird of Prey (Route mean count) 1.987 1.396 
Grazing (AUMs/acre) [AUMs/ha] 0.602 [1.49] 0.107 [0.265] 
Crop (10000 acres) [10000 hectares] 10.074 [4.069] 9.959 [4.023] 
Hay (10000 acres) [10000 hectares] 11.055 [4.446] 9.234 [3.731] 
CRP (10000 acres) [10000 hectares] 0.545 [0.220] 0.919 [0.371] 
Drought (SCPDSI value) 0.057 1.991 
Winter Severity (AWSSI points) 221.874 90.156 
Table 5.2: Means and standard deviations of index values across all sharp-tailed 
grouse routes and years. These values were used in the index standardization formula 
described in Chapter 5 and the mean values correspond to the zero mark for figures 
5.40-5.42. 
 
 
5.40-5.42. 
151 
 
   
 
 
 
 
 
  
Index (Reported units) Mean Standard Deviation 
Harvest (Days in the field) 47544.780 20013.250 
Bird of Prey (Route mean count) 1.817 1.338 
Grazing (AUMs/acre) [AUMs/hectare] 0.615 [1.522] 0.109 [0.270] 
Crop (10000 acres) [10000 hectares] 8.855 [3.577] 9.288 [3.752] 
Hay (10000 acres) [10000 hectares] 11.121 [4.493] 10.077 [4.071] 
CRP (10000 acres) [10000 hectares] 0.409 [0.165] 0.657 [0.265] 
Drought (SCPDSI value) 0.111 1.995 
Winter Severity (AWSSI points) 222.313 89.842 
Table 5.3. Means and standard deviations of index values across all greater prairie-
chicken routes and years. These values were used in the index standardization formula 
described in Chapter 5 and the mean values correspond to the zero mark for figures 
5.40-5.42. 
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Figures 
  
Figure 5.1: Hunting pressure index in units of hunter days in the field estimated 
from small game hunter survey results during 1955-2018 across the state of 
Nebraska, USA. Data provided by the NGPC.  
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Figure 5.2: Raptor predation pressure index map showing the counties whose 
Breeding Bird Survey (BBS) routes were included in each region for which the index 
was calculated for the Sandhills of Nebraska, USA.  
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Figure 5.3: Raptor predation pressure indices during 1955-2018 for the eastern and 
western regions of the Sandhills of Nebraska, USA. Data taken from BBS (1966-
2019). 
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Figure 5.4: Counties included in each grazing region in the Sandhills of Nebraska, 
USA.  
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Figure 5.5: Stocking rate (AUMs/acre) grazing indices during 1955-2018 for four 
different grazing regions within the Sandhills of Nebraska, USA. Base data from 
USDA NASS (2020b) (See text for calculations).  
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Figure 5.6: Counties for which cropland, hay and Conservation Reserve Program 
(CRP) land use indices were created within the Sandhills of Nebraska, USA.  
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CHAPTER 6: HISTORICAL PRAIRIE GROUSE POPULATION TRENDS AND 
THEIR DRIVERS IN THE NEBRASKA SANDHILLS 
Introduction 
Prairie grouse are species of unique conservation concern in the Great Plains. 
Both greater prairie-chickens and sharp-tailed grouse have experienced precipitous 
population declines following agricultural intensification due to the loss and degradation 
of their grassland habitat (Connelly et al. 2020, Johnson et al. 2020). Only a few 
fragmented populations of greater prairie-chickens remain scattered throughout the 
species’ native range, the tallgrass prairies of the central United States (Johnsgard 2002, 
Svedarsky et al. 2003).  Presently, stable populations are found only in Nebraska, 
Minnesota and South Dakota, all areas of range acquired by prairie-chickens since the 
expansion of cropland agriculture (Johnson et al. 2020). Sharp-tailed grouse are no longer 
found in over half of their historic range in the United States and populations, where they 
remain, are declining (Storch 2007). Nationally, the trajectories of prairie grouse 
populations without intensive conservation intervention are grim.  
Prairie grouse populations in the Sandhills of Nebraska are an exception to the 
prevailing population trends across the species’ ranges. Greater prairie-chicken 
populations have increased since the 1950s while sharp-tailed grouse populations have 
remained stable or declined slightly (Figure 4.3). Somewhat counterintuitively, both 
greater prairie-chickens and sharp-tailed grouse are species of conservation concern in 
Nebraska. Greater prairie-chickens are classified as a Tier 1 species by Nebraska’s 
Natural Legacy Project, a designation reflecting the highest priority of conservation 
concern (Schneider et al. 2005). While the prairie-chicken's Tier 1 status may seem 
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alarmist given that populations are not presently declining in Nebraska, the focus 
warranted because of how poorly the species is faring throughout the rest of its range. 
The largest extant population of greater prairie-chickens is found in the Sandhills of 
Nebraska (Johnsgard 2002). If the number of greater prairie-chickens in the Sandhills 
begins to decline, the loss of this stable core population poses a threat to the continued 
persistence of the species. Conservation of prairie grouse in Nebraska is a priority 
because the loss of the Sandhills’ population would have species-level consequences.  
The conservation of prairie grouse in the Sandhills is vital for species persistence, 
and it also presents challenges that have not traditionally been encountered when 
managing for prairie-chickens and sharptails. The Sandhills are one of the few locations 
in the Great Plains where the ranges of sharp-tailed grouse and greater prairie-chickens 
overlap (Johnsgard and Wood 1968). In Nebraska, both species are managed collectively 
as prairie grouse because they share similar ecological niches. However, prairie-chicken 
and sharp-tailed grouse ranges were historically allopatric, a possible consequence of 
species-specific resource needs. Prairie-chicken populations also appear to be doing 
better than sharptails in the Sandhills (Figure 4.3). The species’ different trajectories 
suggest that populations are shaped by species-specific drivers. In order to ensure the 
persistence of both prairie-chickens and sharptails in the Sandhills, the Nebraska Game 
and Parks Commission needs to be aware of species-specific population drivers when 
making management decisions. 
Prairie-chickens and sharp-tailed grouse are species of conservation concern in 
Nebraska, but there is surprisingly little known about what drives their populations in the 
Sandhills to inform management practices. The current understanding of prairie grouse 
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population drivers in Nebraska is based on information from short-term, localized studies 
mostly conducted in other parts of the species’ ranges. Population drivers are likely 
different in the Sandhills, the largest intact grassland in the United States, than most of 
their North American range where birds are faced with habitat loss and fragmentation 
(Connelly et al. 2020, Johnson et al. 2020). 
 Even when short-term, intensive research projects conducted in the Sandhills are 
used to inform management, population drivers vary in space and time (Yoccoz et al. 
2001). Information gathered from a small segment of the prairie grouse population at a 
fixed point in time cannot be assumed to apply to the entire Sandhills’ population. The 
findings of the initial study may not even apply to the focal population outside of the 
timeframe of data collection. An ideal study of prairie grouse population drivers would 
gather data on prairie-chicken and sharp-tailed grouse populations in conjunction with 
quantitative measurements describing environmental characteristics of the locations 
where these birds are found. This information would be collected over long periods of 
time at broad spatial scales to inform management decisions.  
The Nebraska Game and Parks Commission has collected long-term, species-
specific data on prairie grouse abundance across the Sandhills (Chapter 4). The spring 
prairie grouse breeding ground survey provides information on sharptail and prairie-
chicken population trends back to 1956. If this prairie grouse count data were explored in 
relation to long-term, spatially explicit environmental data, it could provide insight into 
the processes that have driven change in Sandhills’ prairie grouse populations since 
monitoring efforts began.  
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Similar population monitoring data is collected by state and federal agencies for 
many species of conservation concern. These data provide a long-term record of 
abundance trends, but the protocols were not explicitly designed to quantify the drivers of 
those trends. Knowledge of population drivers is critical to the mechanistic understanding 
of population dynamics that underpins vital rate-driven conservation and management 
practices. However, longitudinal studies designed to capture population drivers are rare. 
Historical monitoring data, although it was collected for a different purpose, could 
potentially be leveraged to provide information on population drivers if combined with 
long term data sets that describe environmental covariates at similar spatial and temporal 
scales. Old data has promise for answering new and pressing questions in ecology if its 
potential can be unlocked through recent quantitative and technological advances.  
My goal was to relate long-term survey data for sharp-tailed grouse and greater 
prairie-chickens to environmental and landscape variables to determine what drives 
prairie grouse population growth. My objectives were to: (1) develop a complete set of 
breeding ground surveys conducted in Nebraska since 1956, (2) gather environmental and 
landscape-level information to describe potential drivers of population growth rates near 
each survey route, (3) use a Bayesian state-space modeling framework in conjunction 
with indicator variable selection to determine drivers that affect local population growth 
rates for these two species, (4) and demonstrate the untapped potential of monitoring data 
for answering questions beyond those intended by the protocol design.  
I devised three suites of environmental indices quantifying the magnitude of 
predation pressure, land use change and climate variability experienced by prairie grouse 
in the Sandhills. Given that the relationships between covariates and monitoring data are 
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correlative, I selected indices that I thought would explain the most variation in 
population growth rates that also received mechanistic support in the scientific literature. 
I predicted that predation pressure indices, comprised of metrics representing the threat of 
harvest and bird of prey mortality, would negatively impact prairie grouse population 
growth rates through a direct reduction in survival as a source of additive mortality 
(Ellison 1991) or indirectly through a decrease in the frequency of behaviors that would 
confer a fitness advantage because of perceived mortality risk (Cresswell 2008).  
I anticipated that land use change indices, including grazing pressure, and 
cropland, hay and Conservation Reserve Program (CRP) acreage would have some 
species-specific effects on population growth rates arising from the differing resource 
needs of prairie-chickens and sharp-tailed grouse. I predicted that the relationship 
between population growth rates and grazing pressure would adopt a quadratic form 
given that historic stocking rates in the Sandhills may have been low enough that grazing 
increased the structural heterogeneity of the landscape (Holechek et al. 1982, Bailey et al. 
1998) to the benefit of prairie grouse. The present stocking rates are likely high enough 
that the vegetation removed by foraging cattle has resulted in habitat degradation and 
decreased population growth rates (Kirsch et al. 1978). Given that prairie-chickens rely 
on waste grain as a source of winter food, but sharp-tailed grouse do not (Edminster 
1954), I surmised that cropland acreage would be beneficial for prairie-chicken 
population growth, but negatively impact sharptails. I predicted that acres of hay 
harvested would have a negative effect on the growth rates of both species because 
cutting hay removes grass cover from the landscape often during the critical nesting 
period (Kirsch et al. 1973, Warner and Etter 1989). Provided that the Conservation 
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Reserve Program grassland plantings are designed to create additional grouse habitat, I 
presumed that CRP acreage would have a positive effect on prairie grouse population 
growth (Spencer et al. 2017).  
The metrics quantifying shifts in climate include a drought and winter severity 
index. I predicted that an increase in precipitation during the nesting season would have a 
quadratic effect on prairie grouse population growth rates with additional rainfall 
providing beneficial food and cover up until the point where accumulation reduced nest 
and chick survival (Horak and Applegate 1998). I predicted that an increase in winter 
severity would have a negative effect on prairie grouse population growth rates as a result 
of increased mortality (Ulliman 1995). 
Given that all environmental covariates had a known effect on prairie grouse 
population rates, as documented in the literature, I assumed that each was equally likely 
to have influenced population trends in the Sandhills. 
Methods 
Study Area 
The study area encompassed all counties that included at least a segment of a 
historical breeding ground survey route and fell partially or completely within the 
boundaries of the prairie grouses’ Sandhills range. These eighteen counties, listed from 
west to east based on their geographic location, are Sheridan, Garden, Cherry, Grant, 
Arthur, Hooker, McPherson, Lincoln, Thomas, Logan, Keya Paha, Brown, Blaine, 
Custer, Rock, Holt, Garfield, and Wheeler. The Sandhills are a 50,000 km2 area of grass-
stabilized sand dunes interspersed with subirrigated meadows and wetlands found in 
north-central Nebraska (Bleed and Flowerday 1989). The Sandhills are of great 
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ecological importance as the largest remaining intact grassland in the continental US, a 
status maintained by their profitability as rangeland (Miller 1989). Prairie-chickens are 
the most abundant species of prairie grouse along the eastern and southern margins of the 
Sandhills while sharptails are predominantly found in the west (Figures 4.11 and 4.12). 
For a complete description of the Sandhills study area, see Chapter 4.  
Breeding Ground Survey Counts  
Since 1955, the Nebraska Game and Parks Commission (NGPC) has monitored 
prairie grouse abundance in the Sandhills using breeding ground survey routes (Miller 
1957). Each spring between April 1st and 9th, observers drive established 20-mile routes 
along rural roads through select areas of the Sandhills just before sunrise, stopping every 
mile to listen for grouse performing their courtship rituals. Observers use the breeding 
vocalizations to identify display grounds and mark the approximate location of the 
courtship activity on a map. Returning to each stop on a subsequent day between April 
10th and 20th, observers walk out to any display sites documented during the auditory 
survey. They also check any breeding grounds known to be active during the previous 
two springs. Observers flush the birds from their courtship grounds, counting the total 
number present. Total counts are adjusted by a day of season fractional multiplier. This 
proportional constant is meant to account for the variability of female lek attendance over 
the course of the breeding season. The adjusted value represents the estimated number of 
males present. See Chapter 4 for a more thorough description of breeding ground lek 
route survey protocols.  
Twenty-five historical breeding ground survey routes fall within the Sandhills 
(Figure 4.1).  I used route data collected between 1956 and 2018 as an index of species-
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specific prairie grouse abundance, excluding the 1955 counts because of differences in 
the survey protocol. None of the historical routes provide a complete time series of count 
data from 1956 to present (Figure 4.2). These years of missing data are handled with the 
use of priors and predictive covariates within the Bayesian state-space framework.  
The locations of the 25 historical survey routes were selected to collectively 
quantify prairie grouse abundance in the Sandhills, rather than provide information on 
species-specific population trends. Survey routes in the western Sandhills fall outside of 
the range of greater prairie-chickens in Nebraska. If prairie-chickens were only observed 
during a single year over the period of time a transect was actively monitored or were 
never known to be present, I considered the route to document only sharp-tailed grouse 
abundance.  Twenty of the 25 historical survey routes captured greater prairie-chicken 
abundance using this frequency of encounter criteria. All 25 routes documented 
population trends of sharp-tailed grouse. I used the subset of 20 prairie-chicken routes 
and the complete set of 25 historical survey routes for sharptails in their respective 
species-specific analyses (Chapter 4).  
The spatial information related to the location of breeding ground survey routes 
was not documented for most historical transects, especially those monitored before 1977 
or at sites where data was collected only briefly. I was able to obtain information on the 
geographic midpoints of each survey route included in the analysis.  I assigned the total 
count from a route to the route midpoint because I was not able to obtain information on 
counts at individual leks or survey stops for the entire time series of data. However, I was 
conscious of the fact that breeding ground count data were obtained within a linear, 40-
square mile transect and not at a single point in the landscape when relating the counts to 
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environmental variables. If a route midpoint fell near the boundary of an environmental 
variable’s spatial unit, I used knowledge of the location of the midpoint along with route 
descriptions from field notes and federal work plans to approximate the proportion of the 
route that fell within each county or region. The influence of an environmental covariate 
was weighted by the proportion of a route in each spatial unit if a route fell within more 
than one.  
Environmental Indices 
I constructed environmental indices for the Sandhills with yearly time steps at the 
smallest spatial scale that rendered the index values informative relative to my breeding 
ground counts. Environmental indices quantify changes in the landscape, its occupants 
and climate of the Sandhills between 1955 and 2018 that are known to influence prairie 
grouse populations through mechanisms documented in the literature. The indices fall 
broadly within three categories representing change in predation pressure, land use and 
climate (Chapter 5).  
The predation pressure indices describe threats to prairie grouse survival imposed 
by human and raptor consumption of these species as prey. I crafted the bird of prey 
index using North American Breeding Bird Survey counts from 1967 to 2018 of four 
raptor species, redtailed hawks (Buteo jamaicensis), Swainson’s hawks (Buteo 
swainsoni), northern harriers (Circus hudsonius) and great horned owls (Bubo 
virginianus) (Pardieck et al. 2020). These raptors are known predators of prairie grouse 
and had non-static population trends in the Sandhills (Schroeder and Baydack 2001). I 
included counts from routes that fell all or partially within the boundaries of the 
Sandhills. I divided the Sandhills into eastern and western regions delineated by the 
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eastern border of Cherry County to control for regional differences in raptor species 
composition. I calculated regional mean raptor counts for each year, summing the counts 
from all routes surveyed in a given year and dividing by the number of routes run in that 
same year. Since BBS surveys were started in Nebraska in 1967 and my modeling 
approach requires a complete time series of covariate data, all missing years of data 
before 1967 were replaced with an average count value from the first five years data were 
recorded. Larger index values indicate higher raptor abundance, a proxy for predation 
pressure.  
I created a hunting pressure index using small game survey data for the state of 
Nebraska collected by NGPC between 1955 and 2018. Since harvested sharptails and 
greater prairie-chickens are reported only as “prairie grouse” and the location the birds 
were taken is not denoted, I could not adjust population models for the number of birds 
harvested. Rather, I chose to report days in the field as an index of hunting pressure 
because the number of birds harvested per day was not influenced by the changes in the 
size of the grouse or grouse hunter population. Larger index values represent more days 
in the field and higher hunting pressure.  
The land use indices quantify the change in intensity of economic activities in the 
Sandhills that may alter the quality and quantity of grouse habitat. I created three separate 
county-level land cover indices using National Agricultural Statistical Service yearly 
survey data (NASS 2020a) that represent trade-offs between cropland and grassland 
cover types in the Sandhills. The cropland index includes all acres of row, cereal and 
small grain crops planted in a given year. The hay index is a sum of the acreage of grass 
and alfalfa hay harvested. The CRP index describes the number of acres of CRP planted. 
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All years before the start of the CRP plantings in Nebraska in 1986 were reported as zero 
acres. Grassland and cropland acres are nearly perfectly correlated in the Sandhills with 
an increase in cropland representing a loss of grassland acreage. I chose to report 
cropland as a proxy for land use change rather than grassland because the agricultural 
data is reliably reported on an annual basis. Larger index values represent more acres in 
each of these land use categories.  
The grazing intensity index also falls under the category of land use change. 
Taking cattle numbers from the NASS census conducted every five years (NASS 2020b) 
and using an equation from Cumming et al. (2019), I approximated the number cow-calf 
pairs, non-lactating cows, heifers, bulls, stockers and cattle on feed in each county. I 
converted these counts into animal unit months (AUMs) multiplying by cattle weights 
adjusted for change in cattle size over time and grazing season lengths approximated for 
each grazing region in Nebraska. I divided the county AUM estimate by the total acres of 
pastureland in that county, approximated by subtracting cropland acreage from the total 
county area adjusted to remove urban areas and surface water. This provided an 
approximate stocking rate in AUMs per acre per county per year. To adjust for 
discrepancies in the data that arose due to leased grazing across county lines, I summed 
AUMS across all counties in a grazing region and divided that number by the total acres 
of pastureland across that same region to produce a regional stocking rate estimate. Since 
the NASS census data is only available every five years and grazing rates may fluctuate 
unpredictably in between, I used the same stocking rate for each yearly estimate until 
new census data was available. Larger index values signify greater grazing pressure on 
the landscape.   
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The climate indices quantify the magnitude and duration of route-level 
precipitation and temperature events that may impact prairie grouse reproduction and 
survival. The drought index uses an average of the Self-Calibrating Palmer Drought 
Severity Index values from the weather station closest to the midpoint of a breeding 
ground survey route for the months of May, June and July (Wells et al. 2004). This 
provides an estimate of precipitation during the breeding season with larger index values 
representing higher levels of precipitation. The winter severity index, like the drought 
index, is calculated using temperature, snowfall and snow accumulation data from the 
weather station closest to the midpoint of a breeding ground survey route in an 
Accumulated Winter Season Severity Index framework (Boustead et al. 2015). If any of 
those three data streams were missing for a portion of the time series, data from the next 
closest weather station was used to fill in the gap. Larger values of the winter severity 
index represent a more severe winter.  
All indices required complete time series of data between 1955 and 2018 to 
function as covariates in the modeling framework (see details in Chapter 5). Unless 
otherwise specified, if data was missing at the beginning of the time series, the first 
observed value was used to fill in all incomplete years. If data was missing from the end 
of a time series, the last observed value was used to fill in all incomplete years. If data 
was missing in the middle of a time series, an average of the data points from years on 
either side of the absent year was used to fill in the missing value. I standardized each 
index across all routes and years by species, calculating a z-score for each index value by 
subtracting it from the mean value of a variable and dividing by the standard deviation. 
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Bayesian State-Space Modeling 
The long-term annual prairie grouse breeding ground survey data provides a 
yearly count of sharptails and prairie-chickens seen along 25 and 20 different routes in 
the Sandhills, respectively. Counts from consecutive years can be used to estimate 
population growth between surveys. I applied a discrete time Ricker model in a Bayesian 
state-space framework to the full timeseries of breeding ground count data for each 
species to analyze population growth of sharp-tailed grouse and greater prairie-chickens 
in the Sandhills where Ni,t is the current state of the population on the ith route (of n total 
routes) at time t, Ni,t+1 is the state of the population on the ith route at the next time step, rt 
is the density independent population growth rate at time t, bt is the effect of density 
dependence at time t and εi,t is a process error term (Ricker 1954, Turchin 2003, Hefley et 
al. 2013).  
Ni,t+1 = Ni,te
r𝑡+b𝑡N𝑖,𝑡+𝜀𝑖,𝑡 
I chose a discrete time equation with annual time steps because it accurately 
depicts the life history of the study species as well as the periodicity of breeding ground 
count data collection. Prairie grouse species have highly variable annual adult survival 
that approximated across years is roughly 50% (Johnson et al. 2020, Connelly et al. 
2020). Yearly reproduction consists of a single brood resulting in populations that 
typically peak after an early summer birth pulse and decline steadily until the following 
year’s hatch (Johnson et al. 2020, Connelly et al. 2020). Annual breeding ground surveys 
take place immediately before the birth pulse and include counts of adult males and 
juvenile males that hatched during the previous year and survived to join a lek. Juveniles 
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cannot be distinguished from adults on the display ground so all birds present are 
considered adults. The Ricker model best describes the functional form of density 
dependence exhibited by prairie grouse with a linear reduction in growth rate as 
population size increases (Hefley et al. 2013). 
My breeding ground indices represent a true population trend obscured by two 
sources of noise, process and observation error. Process error is the variation in the 
population trend that results from biotic or abiotic processes (Ahrestani et al. 2013). 
These processes are the potential population drivers- predation pressure, land use change 
and climate- that are of interest in my study. The three suites of environmental covariates 
are used to explain the variation in population growth rates between surveys. The Ricker 
equation describes the population trend and associated process error, the state process, in 
my Bayesian state-space model.  
Observation error is the variation inherent to population counts that arises because 
of sampling using imperfect survey methods. The advantage of using a state-space 
framework to model the population dynamics of time series counts is that the noise in the 
data can be partitioned into process and observation error (Kery and Schaub 2012). State-
space models handle observation error best when both over and undercounting are 
equally likely to have occurred (Kery and Schaub 2012). It is unclear if lek counts violate 
the assumption of equal likelihood of under and overcounting (Wann et al. 2019, Ross et 
al. 2019). If males do not attend leks and therefore are unavailable to be counted or are 
not detected during counts, the survey will underestimate the grouse population. If males 
move between leks and are double counted, the route totals will overestimate the 
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population. The sampling protocol does not provide any information that could be used to 
account for incomplete detection.  
The model correction for observation error adjusts for binomial count variation, 
but the result will still be an abundance estimate less than the true population size if 
detection probability is less than one. The model output will be something akin to a 
smoothed index paralleling the true abundance curve if detection probability did not have 
any directional trend over time (Kery and Schaub 2012).  
The observation process of the state-space framework assumes that the maximum 
count of males on a route i in year t, (Yi,t ) resulted from a Poisson process with mean Ni,t 
for the unobserved population size (Monroe et al. 2017).  
Yi,t ~ Poisson (Ni,t) 
The initial, unobserved population size (Ni,1) in the first year on each route was 
sampled from a log-uniform distribution with the minimum and maximum values of 0 
and 5.  
log (Ni,1)~Uniform (0,5) 
Each route was represented with a unique intercept (b0). Route-specific values of 
the intrinsic rate of increase (ri) were drawn from a normal distribution with a route-
specific mean growth rate across time (µi) and intercept-specific precision (𝜏𝑏0).  
ri ~ N (µi, 𝜏𝑏0) 
Route-specific process error terms (εi) were also sampled from a normal 
distribution with a mean of 0 and route-specific precision.  
εi ~ N (0, 𝜏𝑖) 
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I specified 𝜏𝑏0 and 𝜏𝑖 with vague gamma priors (Gamma ~ (0.001, 0.001)). A 
prior in a Bayesian framework is a probability distribution that represents a belief about 
the value of a random variable before seeking any additional evidence (Kery and Schaub 
2012), and a vague prior reflects that little is known about the potential values of a 
variable. A prior is vague if all values of the random variable have a relatively equal 
likelihood of occurrence. I specified vague priors 𝜏𝑝𝑟𝑜𝑐𝑒𝑠𝑠 ~  Gamma (0.001, 0.001), 
µ ~ 𝜏𝑁 ~ Gamma (0.001, 0.001). 
I modified the process model to include covariates with one-year time lags to 
examine the effects of potential drivers on the intrinsic rate of increase. The expected 
value of the growth rate is sampled from a normal distribution centered on a route and 
time specific mean, µ𝑖,𝑡.  
Expected ri,t ~ N (µ𝑖,𝑡, 𝜏𝑝𝑟𝑜𝑐𝑒𝑠𝑠 ) 
The mean value of r , µ𝑖,𝑡, for a time step is the sum of 𝑟𝑖,𝑡, the value of r 
estimated from the count data, 𝛽1, the effect of density dependence on the growth rate,  
𝛽2 − 𝛽9 the linear effects of climate, predation pressure, and land use covariates on the 
growth rate multiplied by 𝑎𝑖,𝑡−1- 𝑗𝑖,𝑡−1 each a matrix of covariate data for all routes across 
all years and 𝛽11
2 − 𝛽12
2 , the quadratic effects of drought and grazing and time, multiplied 
by the squares of their respective matrices of index values , and 𝜀𝑖, a route-specific error 
term.  
µ𝑖,𝑡 = 𝑟𝑖,𝑡 + 𝛽1(𝑥𝑖,𝑡 + 𝑒𝑡) + 𝛽2𝑎𝑖,𝑡−1 + ⋯ 𝛽9𝑗𝑖,𝑡−1 + 𝛽11
2 𝑎𝑖,𝑡−1
2 … 𝛽12
2 𝑐𝑖,𝑡−1
2 + 𝜀𝑖 
The covariate data in each matrix was standardized with a mean of 0 and standard 
deviation of 1 across all routes and years. 
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To determine which covariate or combination of covariates was the best predictor 
of prairie grouse population growth rates, I assigned an indicator variable to each 
coefficient 𝛽𝑘 for k = 1,2…12, wk ~ Bernoulli (pwk), pwk ~  Uniform (0,1). The indicator 
variable acts as a binomial switch that includes a regression coefficient in model iteration 
when pwk = 1 and excludes the coefficient when pwk = 0. Excluded covariates are 
represented by a 0 value in model. Quadratic terms were only brought into the model 
when their linear counterpart was included. The linear term was also evaluated 
independently of its quadratic counterpart. The prior for each regression coefficient was a 
slab and spike prior formed from a mixture of normal distributions, conditional on the 
value of the indicator variable wk (Lunsford et al. 2019). 
pwk= 1 𝑡ℎ𝑒𝑛 ~ N (0, 1000) 
pwk= 0 𝑡ℎ𝑒𝑛 ~ N (0, 0.1) 
For each iteration of the model, the covariate or covariate combination that 
produced a posterior most closely matching the distribution from which the growth rate 
data arose was ranked the top model and accumulated weight. The model weight 
represents the percentage of model iterations where the named covariate combination 
received the most support. This approach for evaluating the explanatory power of 
individual or combinations of covariates is known as indicator variable selection, and 
models that only included a subset of covariates will be referred to as indicator variable 
selection models throughout. Regression coefficient values were taken from the global 
model including all potential predictive covariates because it served as the base model for 
indicator variable selection.  
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I used a Markov Chain Monte Carlo (MCMC) algorithm to approximate the 
posterior distributions implemented in the jagsUI package (Version 1.5.1, Kellner 2019) 
in the R computing environment (R Version 3.6.2, www.r-project.org, accessed 25 March 
2020). I discarded 500 iterations for burn-in, used 3,000 iterations for adaptations and 
then sampled 21,500 iterations from the posterior distribution along three parallel chains, 
thinning by 5. I determined model convergence through visual inspection of the 
traceplots, as well as  ?̂? values of approximately 1 for each model parameter. I assessed 
model fit using Bayesian p-values, which compare the posterior probability of a statistic 
from the model to the statistic observed in the data.  
Results 
Sharp-Tailed Grouse Model Results 
The sharp-tailed grouse growth rate was positive for all routes, with strong 
evidence of a positive growth rate for 18 of the 25 routes surveyed (Table 6.1). Spatial 
trends in the intrinsic rate of increase showed that sharptail populations have higher mean 
growth rates in the western and north-central Sandhills, gradually tapering off moving to 
the south and east (Figure 6.1). The process error unaccounted for by the environmental 
covariates did not significantly differ from zero for any transects (Table 6.2). 
Ten sharp-tailed grouse models received a cumulative 98.8% of the model weight 
with each of the remaining models receiving less than 1% support (Table 6.3). The top 
model included density dependence and crop covariates (w=0.163). It received 1.8 times 
more support than the only single-covariate model, density dependence, which 
accumulated 9.2% of the weight and ranked fifth. The second, third and fourth-ranked 
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models all included density dependence, crop and a combination of quadratic drought and 
quadratic grazing parameters. These same three models lacking the crop covariate ranked 
sixth through eighth below the single-covariate density-dependence model, suggesting 
quadratic drought and grazing effects have an additive relationship with crops. The 
combination of quadratic drought and quadratic grazing is also more strongly supported 
than either of these effects alone, similar to the greater prairie-chicken models. This 
serves as further evidence of their additive effects. CRP appears as a covariate in models 
9 and 10, but acts as a penalty, slightly reducing the weight received by models that 
appear previously in the set.  
The posterior distributions of the covariates from the top model derived from the 
global model indicate a weak effect of negative density dependence (b1 = -0.005, SD = 
0.001, BCI = -0.007- -0.003) (Figure 6.2) and a strong negative effect of the presence of 
crops (b6 = -0.084, SD = 0,041, BC I= -0.168- -0.005) (Figure 6.3), both of which are 
statistically significant (Table 6.4). The linear effect of drought on population growth is 
neutral (b2 = 0.000, SD = 0.031, BCI = -0.061- 0,059) and the quadratic effect is slightly 
positive (b10 = 0.002, SD = 0.026, BCI = -0.049-0.053) (Figure 6.4), but neither effect is 
significant (Table 6.4). There are strong negative linear and quadratic effects of grazing 
pressure (b5 = -0.055, SD = 0.035, BCI = -0.123-0.013, b11 = -0.070, SD = -0.070, BCI 
= -0.138- -0.003) (Figure 6.5) on sharptail population growth, but only the quadratic 
effect is statistically significant (Table 6.4). CRP acreage, which also appeared in a few 
models had a moderate, but non-significant negative effect (b8 = -0.032, SD = 0.033, BCI 
= -0.097-0.032) on the intrinsic rate of increase. Harvest pressure had a strong, significant 
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negative effect (b9 = -0.075, SD = 0.035, BCI = -0.142- -0.005), but did not appear in 
any of the top models (Table 6.4).  
Greater Prairie-Chicken Model Results 
The greater prairie-chicken growth rate was positive on all 20 routes, with strong 
evidence of a positive growth rate for 10 transects (Table 6.5).  As a general spatial trend, 
the intrinsic rate of increase (r) was highest in the eastern Sandhills and decreased 
moving west. However, there are two major centers of population growth along the 
northeastern and south-central margins of the Sandhills (Figure 6.6). The process error 
that could not be accounted for by covariates was not significantly different from zero on 
any routes (Table 6.6). 
The posterior distributions from the global model indicate a weak effect of 
negative density dependence (b1 = -0.003, SD = 0.000, BCI = -0.004- -0.003) (Figure 
6.2), a strong positive effect of increased precipitation (b2 = 0.046, SD = 0.021, BCI = 
0.005-0.089) (Figure 6.4), and strong positive linear (b5 = 0.063, SD = 0.030, BCI = 
0.005-0.123) and quadratic effects of grazing (b11 = 0.075, SD = 0.025, BCI = 0.026-
0.123) (Figure 6.5) on prairie-chicken population growth (Table 6.7). The quadratic 
effect of drought was weakly positive (b10 = 0.015, SD = 0.016, BCI = -0.017-0.047) 
(Figure 6.4) but not statistically significant (Table 6.7). Acres of CRP planted also had a 
statistically significant positive effect (b8 = 0.047, SD = 0.023, BCI = 0.002-0.092) on 
the intrinsic rate of increase, yet did not appear in any of the top six models afforded 
weight by indicator variable selection (Table 6.7). 
Indicator variable selection produced 6 greater prairie-chicken models carrying a 
cumulative 88% of the model weight with the remaining models each receiving less than 
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1% support (Table 6.8). The most competitive model included density dependence and 
drought (w = 0.173). The second-best model received similar support (w = 0.161) and 
incorporated an additional quadratic drought covariate. Density dependence was the only 
single covariate model to receive support (w = 0.134) and it ranked fifth. Each of the top 
six models included a combination of density dependence, linear drought, linear grazing, 
quadratic drought, and quadratic grazing covariates. All models included the density 
dependence covariate. 
The evidence suggests that density dependence, drought and quadratic grazing 
effects are the most important factors in predicting the population growth of greater 
prairie-chickens. While density dependence was the strongest contributor to the weight 
accumulated by all models, the top model containing both the density dependence and 
drought covariates received 1.3 times more support than the single covariate density 
dependence model. The second and third ranked models both included density 
dependence and either the linear or quadratic form of the drought covariate in 
combination with the quadratic grazing covariate. The sixth-ranked model contained 
density dependence and the linear grazing covariate without any drought effects. It 
ranked lower than the single-covariate density dependence model. Quadratic grazing did 
not appear in any of the top models unless paired with a drought effect.  
Grazing explained more variation in the population growth rate in the presence of 
a drought covariate than on its own. The quadratic effect of drought appeared in the third 
and fourth-ranked models but behaves as a pretending variable meaning that it does not 
help explain changes in the population growth rate. Quadratic drought does not receive 
support in the global model (Table 6.7). It appeared in the suite of top models because it 
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is always brought in with the linear effect of drought which received strong support in 
both the global and indicator variable selection models (Table 6.8 and 6.7). All models 
that included the quadratic effect of drought performed worse than their counterparts that 
contained identical covariates, but only the linear form of drought (Table 6.8). 
Discussion 
Species-Specific Population Drivers 
The population growth rates of sharp-tailed grouse and greater prairie-chickens in 
the Sandhills of Nebraska have different primary drivers. Acres of cropland and density 
dependence captured the most variation in sharptail population growth rates since 1956, 
with grazing and drought also having explanatory power (Table 6.3). Change in greater 
prairie-chicken population growth rates was best explained by density dependence and 
drought effects, with grazing also capturing some variation (Table 6.8). While prairie 
grouse in the Sandhills have traditionally been managed as a single species, my results 
suggest that sharptails and prairie-chickens should by co-managed with attention paid to 
the unique resource needs of each species in addition to common habitat requirements.  
Maintaining two prairie grouse species of conservation concern with different 
primary population drivers in the Sandhills will be challenging for resource managers, 
especially when sharptails and prairie-chickens have competing resource needs. For 
example, while the presence of crops as a supplemental winter food source was necessary 
for prairie-chickens to colonize the Sandhills (Mohler 1952), the negative effect of 
cropland area was the second-strongest influence on sharp-tailed grouse population 
growth rates. Resource managers addressing the opposing resource requirements of 
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sharptails and prairie-chickens in a common landscape will be forced to prioritize the 
conservation of one species over the other.  
Fortunately, the population centers of both species are still spatially segregated in 
the Sandhills. Sharp-tailed grouse primarily occupy the northwestern Sandhills (Figure 
6.1), while prairie-chickens have a stronghold in the southeast (Figure 6.6). Species-
specific management practices could be conducted near these core populations with little 
detriment to the other prairie grouse species because the birds achieve their highest levels 
of abundance in different locations. However, resource managers in the Sandhills need to 
be aware of that prairie grouse populations are responding to different environmental 
variables. A uniform management strategy may not be equally beneficial to both species.  
Density Dependence  
The most competitive model for both species of prairie grouse included a density 
dependence covariate that had a negative effect on population growth rates (Tables 6.3 
and 6.8). Density dependence was also the only explanatory variable present in all 
supported models for both species. Density dependence has important implications for 
wildlife management but has not been readily studied in upland game species because the 
long-term data sets necessary to estimate growth and carrying capacity parameters are 
rarely collected (Guthery and Shaw 2013).  
Ring-necked pheasants (Phasianus colchicus) introduced on Protection Island in 
Washington state and northern bobwhite quail (Colinus virginianus) released on Great 
Island Massachusetts provide unique data sets that illustrate population growth of 
gallinaceous birds from very low numbers to carrying capacity and allow for the 
quantification of density dependence (Einarsen 1945, Cookingham and Ripley 1964, 
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Guthery and Shaw 2013). Both pheasant and quail populations exhibited density-
independent winter survival and density-dependent production at high bird densities 
(Guthery and Shaw 2013). At extremely low densities, r-selected species like upland 
game birds may also exhibit strong negative density dependence, known as an Allee 
effect, because of the increased difficulty of finding a mate (Williams 2013). The Ricker 
process model I used does not account for enhanced effects of negative density 
dependence at small population size, but its linear form of density dependence was a 
better fit for the breeding ground survey route data than a Gompertz model. The 
Gompertz model includes a non-linear density dependence term which conforms to the 
expectation of an allee effect. The lek mating systems of prairie grouse may reduce the 
difficulty of finding a mate even when population sizes are small.  
Hagen et al. (2018) observed populations of lesser prairie-chickens to exhibit 
negative density dependence. They suggested that the trend emerged at the lek-scale and 
was captured in pooled lek-count data. Males typically form new leks rather than joining 
existing leks when populations (Cannon and Knopf 1981) become large, lending 
credence to the existence of an upper limit to lek size likely originating from the 
minimum territory size a male will defend. The majority of females will also nest within 
two kilometers of the lek (Robel 1970, Drobney and Sparrow 1977). The availability of 
nesting habitat surrounding a breeding ground may impose a limit on the number of 
females that attend a lek. Female lek attendance could, in turn, constrain the number of 
males willing to compete for those mating opportunities. Further research is needed to 
isolate the mechanism responsible for lek-scale density dependence. 
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Prairie-chicken production is density dependent as illustrated by a decline in fall 
wing ratios following high spring lek counts (Figure 4.20). The pheasants on Protection 
Island in Washington state were observed to randomly drop single eggs and egg-dump in 
communal nests at high population densities (Einarsen 1945). Gregory et al. (2018) noted 
that female greater prairie-chickens in fragmented landscapes exhibit conspecific nest 
parasitism but did not display this behavior in unfragmented landscapes. While nest 
parasitism might be useful to increase the fecundity of individual females in highly 
fragmented landscapes where nests are more likely to fail (Gregory et al. 2018), it may 
also be a response to resource limitations that quickly result in populations reaching 
carrying capacity in small, isolated patches of habitat.  
The regulating effect of density dependence is further supported by McNew et al. 
(2012a,b) who observed trade-offs between nest success and adult survival in greater 
prairie-chicken populations across a spectrum of landscape fragmentation. Nest success 
was highest in landscapes where adult survival was low and increased as adult survival 
decreased (McNew et al. 2012a,b, summarized in Gregory et al. 2018). While the 
mechanisms that regulate populations may differ with the degree of landscape 
fragmentation, nest and adult survival should both be higher in better habitat conditions 
in the absence of density dependence. The fact that simultaneously high nest and adult 
survival rates are never observed, even in an unfragmented landscape suggests that 
prairie-chicken populations are regulated by density-dependent effects.  
It is unclear if prairie-chicken survival in the Sandhills is also density-dependent. 
The effect of survival could not be distinguished from production in the monitoring data 
(Figure 4.21). While negative density dependence does not appear to regulate sharp-tailed 
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grouse reproduction (Figure 4.20), populations are smaller in the spring following high 
breeding ground counts the previous year (Figure 4.21). The mechanism responsible for 
density-dependent population trends in sharptails is likely survival, although evidence of 
density-dependent survival is not described in the sharp-tailed grouse literature. However, 
in (Milligan et al. 2018) simulated data showed that sharptail population growth rates 
were more sensitive to changes in adult survival than production which is the result I 
would expect if survival is the only vital rate subject to negative density dependence.  
In the Sandhills, Aspbury (2002) observed spatial autocorrelation between prairie-
chicken populations which may be the result of emigration to escape local constraints of 
density dependence resulting from intraspecific competition. This may also explain the 
rapid range expansion by greater prairie-chickens into the Sandhills since the 1950s. 
Sharp-tailed grouse in Nebraska may struggle to escape the effects of density dependence 
because they are constrained by limitations of environmental tolerance at the southern 
periphery of their range. This may also explain why the population center of sharp-tailed 
grouse in Nebraska has shifted north over time as populations are able to expand into the 
Dakotas to alleviate some of the effects of density dependence.   
Sharp-tailed grouse move, on average, 3km between various portions of their 
home range throughout the year, while greater prairie-chickens move 14 km (Hiller et al. 
2019). The propensity of sharp-tails to remain in a single, small area may quickly cause 
populations to become limited by density-dependent effects.  
It is unclear if density dependent effects arise as the result of intraspecific 
competition or a predator response in the Sandhills. Although the ranges of greater 
prairie-chickens and sharp-tailed grouse overlap in Nebraska and both species occupy 
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similar ecological niches, there is no evidence of interspecific competition which might 
otherwise constrain the total density of prairie grouse able to inhabit a site (Sharp 1957). 
The origin of the density dependent population response in both species of prairie grouse 
merits further exploration.  
Knowledge of the constraints of density dependence on prairie grouse populations 
is vital to the conservation of species that are declining because of habitat loss and 
fragmentation. The strength of negative density dependence in a contiguous grassland is 
cause for concern. Prairie-chickens have expanded their range into the Sandhills since 
1955 (Figure 4.12). Even after colonizing additional suitable habitat their populations still 
appear subject to negative density dependence. In regions of the prairie-chicken’s range 
where habitat availability is limited, I would expect even stronger effects of density 
dependence on population growth rates.  
The negative effect of habitat loss on prairie grouse numbers cannot simply be 
circumvented by increasing the number of birds occupying remaining areas of habitat. As 
prairie grouse populations approach carrying capacity, an increase in production will 
result in a decrease in adult survival unless the population can expand outward to 
alleviate the effects of negative density dependence (Guthery and Shaw 2013). This may 
not be possible if grassland habitat is lost through conversion to other land uses or 
becomes fragmented. In a highly fragmented landscape where suitable habitat is only 
present in patches, negative density dependence may keep population size small and 
therefore vulnerable to the effects of demographic stochasticity (Lande 1992). This could 
result in patch-level extinctions with the possibility of recolonization limited by poor 
landscape connectivity. While improving the quality of existing habitat may alleviate 
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some of the effects of negative density dependence, populations will still continue to 
decline as long as the area of suitable habitat decreases (Klok and De Roos 1998).  
Cropland  
The conversion of grassland to cropland was the largest contributor to land use 
change in the Sandhills of each of the three land types (cropland, hay, and CRP) that I 
observed (Figure 5.7). Cropland acreage had species-specific effects on prairie grouse 
population growth rates. While a negative effect of cropland area received support in the 
four highest-ranked sharp-tailed grouse models, including the top model, a cropland 
effect did not appear in any of the greater prairie-chicken models. These species-specific 
responses to cropland area support my prediction that cropland area would impact the 
growth rate of both species of prairie grouse differently.  
Historically, prairie grouse populations have been described as “retreating before 
the plow” (Johnsgard and Wood 1968, Sisson 1976). Prairie-chickens “followed the 
plow” into the Sandhills, tailing a wave of low-density cropland agriculture that provided 
a source of winter food, a resource limitation that had previously prevented these birds 
from colonizing the Sandhills prairie (Johnsgard and Wood 1968, Vodehnal 1999). 
Sharptails in Nebraska have not been observed to use waste grain as a food source, even 
during the winter, instead relying on buds and mast (Swenk and Selko 1938, Martin et al. 
1951, Edminster 1954, Sisson 1976). Provided that cropland acreage has limited habitat 
use for sharp-tailed grouse in the Sandhills (Sisson 1976), the presence of crops 
represents a loss of habitat without any resource gain.  
The negative effect of cropland agriculture on sharptail populations has been 
observed throughout the species’ range (Kirsch et al. 1973, Sisson 1976, Connelly et al. 
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2020). The increase in cropped acres is likely responsible for the decline of sharp-tailed 
grouse along the southern and eastern margins of the Sandhills where center pivot 
irrigation is more widely used and most cropland acres are present (CALMIT 2005).  
Surprisingly, cropland also had a negative effect on the growth rate of prairie-
chicken populations although it did not receive support in the indicator variable selection 
or global models. While cropland may have been important for greater prairie-chickens to 
colonize the Sandhills, too much of the landscape being put into agricultural production 
was largely responsible for their extirpation from southeastern Nebraska (Vodehnal 
1999). When total cropland area exceeds about 25% of the local landscape, prairie-
chicken populations begin to decline (Svedarsky et al. 2000). Once their need for 
supplementary winter food resources is saturated, additional cropland eliminates 
important grassland habitat and prairie-chicken populations suffer. It is possible that the 
negative effect of cropland on prairie-chicken population growth from the global model 
was the result of exceeding the acreage threshold where crops provide a beneficial food 
resource and start to compromise habitat availability.  
While the effects of cropland on prairie grouse populations can be difficult for 
resource managers to address because of prevailing economic forces and private land 
ownership, cropland acreage in the Sandhills has decreased over time (Figure 5.7). 
Cropland acreage may have less of an influence on prairie grouse population growth rates 
in the present than it did historically. However, resource managers still need to be aware 
that the presence of cropland in the landscape matrix favors the persistence of prairie-
chickens over sharp-tailed grouse in the Sandhills.  
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Drought 
Increased precipitation during the nesting season positively impacted population 
growth for both species of prairie grouse. Although my data cannot speak to the 
mechanism through which precipitation affects demographic rates, the relationship is 
likely mediated by the production of vegetative biomass. Additional rainfall and higher 
levels of soil moisture, captured in the SCPDSI metric, increase vegetation growth, both 
in terms of vertical height and basal area (Guretzky et al. 2016). More plant biomass on 
the landscape provides additional cover for nests and incubating hens, generally 
increasing nest success (Matthews et al. 2013). If prairie grouse recruitment is limited by 
nest success, improving nest success should increase overall population growth rates, as 
seen in my data.  
 The mechanism through which extra plant biomass increases nest success is 
twofold – through an improvement in nest microclimate and a reduction in predation risk. 
Additional vegetative cover provides a more favorable microclimate for both the clutch 
and the incubating hen (Raynor et al. 2018). Adult prairie grouse survival is higher in 
microhabitats that are cooler, more humid, less exposed to the wind and have greater 
vegetative cover (Patten et al. 2005), which are also microclimates that improve nest 
survival (Raynor et al. 2018). Increasing the probability that hens survive to hatch a nest, 
as well as the probability nests survive to hatch increases nest success. More vegetation 
on the landscape during nesting season may also reduce predation risk to nests and 
incubating females, increasing nest success (McKee et al. 1998) and hen survival (Hagen 
et al. 2007). Increased precipitation produces additional plant biomass that results in 
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biotic and abiotic conditions favorable to grouse reproduction, which in turn contributes 
to greater population growth. 
Behavioral changes by female grouse in response to drought may also decrease 
production in dry years. As a point of clarity, the term drought, as presented in this 
manuscript, references below-average precipitation, not the SCPDSI definition of 
drought. Reproduction is energetically expensive. A female must trade off the cost of 
hatching and rearing a brood against her own survival to maximize fitness — the 
contribution of reproducing offspring to the population. Adult prairie grouse consume the 
forbs and green plant matter that are less abundant during drought years (Edminster 
1954). Food scarcity contributing to a subsequent decline in female body condition may 
cause females to forgo nesting in drought years (Grisham et al. 2014, McCreedy and van 
Riper 2014). Abstaining from reproduction in a dry year is adaptive if nests or broods are 
unlikely to survive in dry years and if survival of the hen to a future time period will 
afford additional opportunities to breed with a greater probability of success. Birds that 
do initiate nests during periods of drought begin nesting later in the season (McCreedy 
and van Riper 2014). Nests with later initiation dates are more likely to fail (Fields et al. 
2010). Given the low probability of nest success in drought years and the longer lifespan 
of prairie grouse relative to other upland game species, hens that forgo reproduction when 
environmental conditions are poor may have greater fitness. Behavioral changes by hens 
in response to drought may contribute to the decline in prairie grouse population growth 
rates in dry years in an effort to maximize long-term fitness.  
While drought is likely to decrease nest initiation and success, it may also 
decrease the survival of chicks that are hatched. The insect populations on which young 
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gallinaceous birds rely (Hill 1985) also depend on plant matter for food (Joern 1979). 
Insect abundance is dependent on the biomass and structure of herbaceous vegetation 
(Hagen et al. 2010), particularly forb cover. Forb cover decreases under dry conditions 
and is more sensitive to changes in precipitation than grass (Hoover et al. 2014, Dallmann 
2018). Insect abundance (Lenhart et al. 2014) and brood size (Merchant 1982) decrease 
in drought years. Broods may be smaller if hens laid smaller clutches. However, broods 
are not always counted immediately after hatch. Starvation may increase chick mortality 
in drought years contributing to small brood sizes. The decline of population growth rates 
of prairie grouse with decreased precipitation during the nesting season is likely tied to 
diminished reproductive output, a consequence of reduced nest initiation, nest success 
and brood survival.  
While increased precipitation had a positive effect on the growth rates of both 
prairie grouse species, it explained more of the variation in population growth for prairie-
chickens. Differences in physiological tolerance underpinned by the divergent 
evolutionary histories of these birds may influence the magnitude of their population 
responses to drought. Greater prairie-chickens evolved in the tallgrass prairies of the 
Midwest, areas with higher precipitation and denser cover than their non-native Sandhills 
range (Johnsgard and Wood 1968). Sharp-tailed grouse originated in xeric, shrubland 
habitats where dry conditions are common (Johnsgard and Wood 1968). Greater prairie-
chickens may be more sensitive to changes in precipitation than sharptails because they 
approach their limit of environmental tolerance in the dry, sparsely vegetated Sandhills 
prairie. Prairie-chickens use shorter cover for nesting in the Sandhills than anywhere else 
in their range (Blus and Walker 1966, Anderson 2012). This departure from the nest 
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vegetation characteristics selected by prairie-chickens in native range suggests that the 
Sandhills may be marginal habitat for this species. While wing ratios indicate that the 
Sandhills support prairie-chicken reproduction, a reduction in the quality of cover due to 
drought in habitat that is already marginal is likely to result in sharply declining 
production. Although prairie-chickens now occupy the xeric Sandhills landscape, niche 
conservatism may render them less physiologically tolerant of drought than sharptails.  
The responsiveness of the landscape to drought coupled with species distribution 
trends may also help to explain why drought has a greater impact on prairie-chickens in 
the Sandhills than their congeneric. Precipitation in the Sandhills decreases from east to 
west (Wilhite and Hubbard 1989). Sharptails are more prevalent in western Nebraska and 
prairie-chickens are more abundant in the east (Figures 6.1 and 6.6). While initially 
counter-intuitive, drought is likely less impactful in environments where it is already dry. 
Organisms that live in the western Sandhills are adapted to conditions of low 
precipitation. There may be less variation in plant growth and insect populations in 
drought years in western Nebraska than the east because the species that live there are 
more tolerant of scarce rainfall. The sharptail population growth rate line is nearly 
horizontal across all values of the drought index (Figure 6.4), indicating a negligible 
response to varying levels of precipitation. Dry conditions may have less of an effect on 
sharp-tailed grouse population growth that greater prairie-chickens because the former 
has a higher physiological tolerance for drought. Focusing solely on the species’ response 
to drought ignores the contribution of a habitat response to a species’ apparent 
physiological tolerance. The drought-adapted flora and fauna of the western Sandhills 
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likely mitigate the impact of dry years on sharp-tailed grouse population growth rates by 
providing a relatively static environment.  
Conversely, prairie-chicken population growth may increase with the drought 
index because their habitat exhibits a stronger response to changes in precipitation. 
Prairie-chickens exhibit negative growth rates at low levels of rainfall which rapidly 
become positive as precipitation increases (Figure 6.4). The strong, positive response to 
increased precipitation observed in prairie-chickens, but not sharptails, may be a 
consequence of the Sandhills’ precipitation and vegetation gradients. Eastern Nebraska 
receives more rainfall than the west (Wilhite and Hubbard 1989). Vegetation in the east is 
exposed to levels of spring rainfall that are never seen in the western Sandhills where 
limited water availability may impose on upper limit on growth. This east to west 
precipitation gradient is not captured in the SCPDSI which is calibrated using deviations 
from local climatic conditions and may help to explain why increased precipitation has a 
stronger influence on greater prairie-chickens than their congeneric. The composition of 
vegetation in the eastern Sandhills may also include plants that are more likely to respond 
to changes in precipitation (Wang et al. 2013). The plant community in the eastern 
Sandhills is consists primarily of tallgrass species, while the western Sandhills is 
predominantly shortgrass (Wang et al. 2013). Tallgrass plants grow thick and lush in 
response to precipitation, while shortgrass is drought-tolerant but does not have as strong 
of a growth response (Rundquist and Harrington 2000). Prairie-chicken population 
growth rates are likely are more heavily influenced by changes in precipitation than 
sharptails because their tallgrass habitat has a stronger response to changes in 
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precipitation. The response of prairie grouse habitat to drought likely amplifies species-
specific differences in physiological tolerance to xeric conditions.  
 While resource managers cannot directly manipulate climate to improve 
conditions for prairie grouse, they can mitigate some of the effects of dry years by 
ensuring the presence of abundant plant cover on the landscape. This may require 
adjusting grazing or haying practices during drought periods to prevent habitat 
degradation. Adjusting land use practices for dry conditions may become increasingly 
important as global climate change is predicted to result in hotter, more xeric conditions 
in the Great Plains (USGCRP 2018).  
Grazing Pressure 
The quadratic effect of grazing pressure on prairie grouse population growth rates 
received support in both indicator variable selection and global model frameworks 
(Tables 6.3, 6.4, 6.7 and 6.8). Contrary to my hypotheses, grazing had species-specific 
effects. Higher stocking rates corresponded to an increase in the population growth rates 
of greater prairie-chickens but negatively affected the growth rates of sharptails (Tables 
6.4 and 6.7). Prairie-chickens and sharp-tailed grouse may have niche differences that 
result in grazing reducing resource limitations for the former while restricting resource 
availability for the latter.  An interaction between grazing, resource gradients in the 
Sandhills and the spatial distribution of prairie grouse may also underlie species-specific 
effects. This section explores the potential mechanisms through which grazing may 
influence prairie grouse population growth via niche differences or landscape gradients in 
the Sandhills.  
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The effects of overgrazing on prairie grouse are well documented in the literature 
(eg. Kirsch et al. 1978, Svedarsky et al. 2000, Winder et al. 2017) and hypothesized to be 
one of the major drivers of prairie grouse decline during the early 20th century (Sisson 
1976, Vodehnal 1999). Overgrazing degrades habitat quality for prairie grouse by 
removing large amounts of vegetation that the birds rely on for food and cover. Grazing 
has carry-over effects between years, not only reducing the green plant matter on the 
landscape in the present year but also the presence of residual cover the following year 
(Launchbaugh et al. 2008). Residual cover, the dead, dry standing vegetation remaining 
from the previous growing season, provides important nesting cover for prairie grouse 
(Sisson 1976, Vodehnal et al. 2020). These birds mate early in the spring and start nesting 
before the first wave of green plant growth (Vodehnal et al. 2020). Overgrazing reduces 
nest success by reducing the availability of residual cover which may lead to increased 
nest predation or an unfavorable microclimate for the incubating hen and her eggs 
(Vodehnal et al. 2020). Overgrazing may also decrease adult prairie grouse survival by 
decreasing the presence of vegetation important for escape cover from predators, roosting 
cover during adverse weather and food resources (Sisson 1976).  
However, low levels of grazing are also beneficial to the grassland ecosystems of 
the Great Plains. Plant communities in the Sandhills co-evolved with grazers, like bison 
(Milchunas et al. 1988). Conservative grazing that removes minimal plant foliage may 
trigger an enhanced plant growth response that increases the amount of vegetation present 
on the landscape (Dyer 1980). Grazing may also increase habitat heterogeneity by 
enhancing the structural complexity of grasslands and changing the composition of the 
plant community (Bailey et al. 1998, Fuhlendorf and Engle 2001). At low levels of 
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grazing pressure, grazers will utilize some areas of vegetation for forage while leaving 
others, creating the patchy grasslands that are ideal habitat for prairie grouse (Holechek et 
al. 1982, Bailey et al. 1998). Grazers will also selectively eat some types of plants over 
others which can change the composition of the plant community (Souther et al. 2019). 
Changes in the plant community that favor species with food and cover value for prairie 
grouse may be beneficial to population growth.  
The species-specific impact of grazing is likely more strongly related to the east 
to west precipitation and production gradients in the Sandhills than any aspect of the 
biology of the individual species. While the mean stocking rate since 1956 is similar 
between the eastern and western Sandhills (Tables 5.2 and 5.3), uniform grazing pressure 
across a gradient of plant biomass leaves different amounts of standing cover on the 
landscape for prairie grouse. There is less plant matter growing in the shortgrass prairie 
of the western Sandhills than the tallgrass communities in the east (Podebradska et al. 
2019). Even though the western Sandhills do not experience higher grazing pressure, 
cattle foraging may have a greater impact on prairie grouse cover because there is simply 
less of it. Cattle grazing removes a greater percentage of the available vegetation from the 
landscape in the western Sandhills. Since sharptails are primarily found in the western 
Sandhills, grazing is more likely to have a negative impact on their population growth 
rates than prairie-chickens in the east. The tallgrass vegetation in the eastern Sandhills 
may be dense enough that conservative grazing practices increase habitat heterogeneity 
without compromising the availability of food and cover on the landscape. Grazing 
pressure may increase the quality of grassland habitat for prairie-chickens, a species 
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primarily found in the eastern Sandhills, resulting in higher stocking rates having a 
positive effect on population growth.  
The impact of grazing on plant production and prairie grouse population growth is 
also likely related to the precipitation gradient in the Sandhills. Guretzky et al. (2016) 
found that plant basal area in the Sandhills only increased in response to light grazing 
pressure in the presence of above-average levels of precipitation. Models including the 
grazing covariate received stronger support for both species of prairie grouse when the 
drought covariate was also present (Tables 6.3 and 6.8). For prairie-chickens, the grazing 
variable likely has more explanatory power when it appears in a model with a drought 
covariate because plants have a more vigorous growth response to cattle foraging only 
under conditions of adequate precipitation. Grazing in the presence of above-average 
precipitation increases habitat quality for prairie-chickens more than simply the effect of 
grazing in isolation.  
The explanatory power of the combination of grazing and drought covariates in 
the sharp-tailed grouse model likely arises because grazing removes a higher percentage 
of the standing plant matter from the landscape in years with below-average precipitation. 
Vegetation growth is dictated by water and nutrient availability (Mauseth 2009). In years 
when water is scarce, above-ground plant biomass decreases (Eziz et al. 2017), resulting 
in less cover on the landscape for sharp-tailed grouse. Grazing removes even more of the 
already scarce cover with negative consequences for the sharp-tailed grouse population 
growth rate. (Mangan et al. 2004) found that conservative stocking rates in the Sandhills 
only reduced residual grass cover in years with drought conditions. Ranchers can avoid 
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this interaction of drought and grazing effects by adjusting stocking rates to 
accommodate for reduced forage availability.  
An unusual relationship appears for sharp-tailed grouse at very low stocking rates 
where counterintuitively the species’ population growth rate appears to decline. The left-
hand side of the curve in Figure 6.4, showing the negative response of the sharp-tailed 
grouse population growth rate to reduced grazing pressure is likely an artifact of ranchers 
decreasing stocking rates to adapt to changing range conditions. Sharptails are responding 
to the environmental conditions that lead ranchers to reduce stocking rates rather than to 
the stocking rates themselves (Monroe et al. 2017). Lower values of the drought index, 
representing less precipitation, were associated with lower growth rates in sharptails 
because of a reduction in food and cover resources (Figure 6.4). Removing any additional 
plant matter from the landscape in years when habitat conditions are already poor likely 
further reduces sharptail population growth rates.  
Sharp-tailed grouse also are more reliant on green plants as a food source than 
prairie-chickens in the Sandhills. Grazing in drought years reduces forb cover (Souther et 
al. 2019), a primary component of the sharptail diet. While prairie-chickens will use 
alternate food sources, like waste grain, when natural foods are scarce, sharp-tailed 
grouse in the Sandhills do not (Swenk and Selko 1938). A lack of food during drought 
years could help to explain the density-dependent survival trends for sharptails, as well as 
the negative effect of grazing on their population growth.  
The positive effect of increased grazing pressure on prairie-chicken population 
growth rates could potentially be explained by an interaction of features unique to the 
eastern Sandhills and species-specific resource needs. Woody encroachment, particularly 
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by eastern redcedars (Juniperus virginiana L.), is a more significant threat in the eastern 
Sandhills (Donovan et al. 2018). Prairie-chickens avoid woody cover so the presence of 
cedar trees in a prairie may render the habitat unusable for these birds (Fuhlendorf et al. 
2017). Increased grazing pressure in a grassland ecosystem has been shown to deter shrub 
encroachment and reduce the regeneration of established woody plants (Zhang et al. 
2019).  Grazing can also reduce competition for resources among plants which can make 
a prairie more susceptible to the establishment of eastern redcedar (Schmidt and 
Stubbendieck 1993). While eastern redcedar in the Sandhills is least likely to be found in 
grasslands that have not been grazed for more than 50 years, the problem of woody 
encroachment is exacerbated if rangeland is grazed and then the grazing is discontinued 
(Schmidt and Stubbendieck 1993). The initial act of grazing allows seedlings to become 
established by reducing competition for water and nutrient resources. These seedlings 
then flourish in the absence of livestock foraging activity because they are not consumed 
or trampled (Ferguson et al. 1968, Fitter and Jennings 1975). However, continued grazing 
pressure keeps the seedlings from developing to maturity (Schmidt and Stubbendieck 
1993). The increase in stocking rates in the Sandhills over time is a consequence of the 
increase in cattle numbers and size on a relatively constant area of pastureland (D. 
Berger, Unpublished data). It is not the result of pastureland being removed from 
production. The increase in grazing pressure over time may have reduced woody 
encroachment in pastureland that is routinely grazed (Owensby et al. 1973). The absence 
of woody cover improves habitat quality for prairie-chickens and may be responsible for 
the positive effect of grazing on population growth rates. Sharp-tailed grouse utilize 
woody plants for food and cover (McNew et al. 2017). If higher stocking rates reduce the 
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presence of woody cover on the landscape, grazing could negatively affect sharptail 
population growth similar to the relationship seen in my data.  
My stocking rate indices may also capture an unmeasured response of prairie-
chickens to a change in the predominant grazing system used in the Sandhills. Around the 
same time that the number of cattle in the Sandhills increased, ranchers transitioned from 
year-round grazing on pastures to rotational grazing systems (Jaynes 2016). In a 
rotational grazing system, rangelands are segmented into smaller pastures and cattle are 
moved between these pastures during the grazing season. Each pasture is grazed more 
intensely for a shorter period of time than in a year-round grazing system. Rotational 
grazing systems may be advantageous to prairie grouse because they exclude cattle from 
sections of pasture during critical times of the year, like nesting season (Schact et al. 
2011, Powell et al. 2014). If rotational grazing provides more favorable nesting cover 
than year-round grazing, the switch to a rotational grazing system could positively 
influence prairie grouse population growth rates. Prairie-chickens may respond more 
strongly to rotational grazing because they exhibit density-dependent reproduction which 
could be a consequence of limited nesting cover (Figure 6.5). While it appears prairie-
chicken population growth rates increase as a result of increasing stocking rates, they 
may be responding to a change in the predominant grazing system that is correlated with 
increasing grazing pressure, but unmeasured.   
Rotational grazing systems have not been shown to increase habitat heterogeneity 
at a ranch scale in the Sandhills (Kempema 2007, Sliwinski et al.2019). However, 
rotational grazing may result in a preferable habitat matrix at a larger landscape-scale that 
is correlated with my regional grazing indices. The difference in vegetation types and 
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plant productivity between the eastern and western Sandhills may cause favorable habitat 
configurations to arise only in the east, where they benefit prairie-chickens but have little 
effect on sharptails.  
 Prairie grouse management through adjustments in stocking rate will prove 
challenging in the Sandhills. Most rangeland in the Sandhills is privately owned and 
grazing practices are shaped by prevailing economic forces (Henebry et al. 2005).  
However, ranchers are good stewards of the land and graze conservatively to help protect 
the fragile Sandhills ecosystem. Many of the rangeland management practices that could 
be beneficial to prairie grouse, like reducing stocking rates in drought years, are already 
prevalent. Resource managers will need to seek conservation solutions that are beneficial 
to cattle production as well as prairie grouse if they hope to manage for these birds on 
private lands.  
CRP 
Contrary to my prediction, CRP acreage had species-specific effects on prairie 
grouse. Sharptails responded negatively to the presence of CRP (Table 6.4), while the 
population growth rates of greater prairie-chickens increased as more acres of CRP were 
planted (Table 6.7). Although acres of CRP grassland appeared as a predictive variable in 
my suite of top sharp-tailed grouse models, I did not indicate that it had explanatory 
power in my results. CRP received some support in the ninth and tenth-ranked indicator 
variable selection models for shaptails but had less explanatory power than the model 
containing only density dependence (Table 6.3). The effect of CRP acreage on sharptail 
population growth rates was also not supported in the global model (Table 6.4), although 
an effect for prairie-chickens did receive support (Table 6.7). Given that a more 
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parsimonious model was able to explain a greater amount of the variation in sharp-tailed 
grouse population growth than formulations that included CRP, I did not consider CPR 
acreage to have explanatory power.  Although CRP acreage was not one of the most 
important drivers of prairie grouse population growth in the Sandhills, the mechanism 
underpinning species-specific effects merits further consideration.  
 The effect of CRP on population growth rates like differed between sharptails 
and prairie-chickens because of compositional differences of the plantings in each of the 
species’ respective ranges. CRP fields along the southern and eastern margins of the 
Sandhills, areas primarily occupied by greater prairie-chickens, were seeded with native 
plant mixtures (Rodgers and Hoffman 2005). These planted fields were likely similar to 
the surrounding grassland habitat and may have improved landscape connectivity in areas 
fragmented by agriculture. CRP plantings in the western Sandhills were comprised of 
introduced grass species that did not mimic the structure or composition of the 
surrounding shortgrass prairie (Rodgers and Hoffman 2005). As a result, CRP in the west 
likely had little habitat value for sharp-tailed grouse. CRP acreage represented a loss of 
usable habitat from the landscape, similar to the cropland it replaced.  
While CRP acreage received support in the global model for greater prairie-
chickens (Table 6.7), it did not appear in any of the top indicator variable selection 
models. CRP grasslands in Nebraska likely do not comprise a large enough percentage of 
the landscape to significantly influence the trajectory of prairie-chicken populations 
relative to other environmental variables considered (Figure 5.9). The context of CRP in 
the Sandhills may also limit effectiveness as a tool for prairie grouse conservation. While 
CRP plantings may improve landscape connectivity and provide vital grassland habitat in 
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areas with a heavy presence of cropland agriculture (Spencer et al. 2017), they likely 
have less of an effect in the Sandhills where the availability of prairie habitat is not 
limiting.  
Hunting Pressure 
A positive effect of hunting pressure on greater prairie-chickens in the global 
model contradicted my prediction that increased harvest pressure would reduce 
population growth rates (Table 6.7). Although an effect of hunting pressure did not 
receive support for prairie-chickens in the global or indicator variable selection models, 
the direction of the trend still merits discussion as it is unexpected and differs between 
species.  
The species-specific growth rate responses to changes in hunting pressure may be 
an artifact of an index structure that does not account for the numerical response of 
hunters to changes in prairie grouse density on the landscape. Hunting pressure, 
represented in my index as the number of hours in the field, increased as prairie-chickens 
became more abundant in the Sandhills. The increase in the number of hours spent 
hunting grouse is due, in part, to an increase in the number of people who hunt prairie-
chickens and sharptails in years when populations are high. The recruitment of grouse 
hunters to the hunting population in any given year, which I have termed a numeric 
response, is largely based on a sportsman’s perceived likelihood of success. Success in 
this context is defined as the harvest of a grouse. Hunters are more likely to decide hunt 
grouse if they believe they will be successful in harvesting a bird (Wszola et al. 2019). 
The influence of perceived success on hunter recruitment has led to the popularity of 
hunting forecasts, like the prairie grouse hunting forecast published annually by 
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Pheasants Forever (Johnson 2019). While the Pheasants Forever forecast references 
spring breeding ground counts, most of the document is devoted to estimates of grouse 
reproduction. Grouse hunters are told that years with high production will result in more 
birds on the landscape to harvest in the fall. Reproduction is not an aspect of population 
growth captured in the pre-breeding lek census until the following year. If sportsmen are 
responding to grouse production when deciding whether or not to hunt, I would expect to 
see more hunters, corresponding to an increase in the number of hours in the field, in the 
year prior to a high spring lek count. Given the one-year time lag for drivers in my 
modeling framework, the numerical response by hunters should correspond to a positive 
correlation between high growth rates and the number of hours hunters spend in the field 
if harvest is a source of compensatory mortality. A counterintuitive correlation between 
increased population growth and hunting pressure is what emerges from the data for 
greater prairie-chickens.  A detrended version of the harvest covariate that looks at yearly 
deviations from the general hunting pressure trend may help to eliminate the potentially 
confounding effects of the positive correlation between harvest pressure and population 
growth rates. 
Harvest pressure had a statistically significant negative effect on sharp-tailed 
grouse but did not appear in the suite of top models as a covariate that explained a 
significant proportion of the variation in the sharptail population growth rate. The 
negative correlation between hunting pressure and population growth for sharp-tailed 
grouse contrasts with prairie-chickens likely because of differences in their population 
trajectories in the Sandhills over time.  While prairie-chicken numbers increased abruptly 
in Nebraska around 1980, sharp-tailed grouse populations have remained relatively 
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constant (Figure 4.3).  Prairie chickens surpassed sharp-tailed grouse in abundance in 
Nebraska around the same period of time and the hunters’ numeric response likely 
switched to being governed by prairie-chicken population dynamics. Given that prairie 
grouse population growth is dictated by species-specific factors, good prairie-chicken 
years may not always correspond to years that are favorable for sharp-tailed grouse. 
Hunting pressure appears to respond to greater prairie-chicken population growth but 
may be a driver of sharp-tailed grouse populations. Although the beta for hunting 
pressure (Table 6.4) suggests it has a strong negative effect on sharptails, prairie grouse 
hunting in Nebraska removes such a small proportion of the population (Powell et al. 
2011) that its influence is likely secondary to that of other environmental variables. 
However, the negative relationship between hunting pressure and the sharptail population 
growth rate may mean harvest is a source of additive mortality for this species. Biologists 
might need to consider restricting prairie grouse hunting in the western Sandhills where 
sharptail are most abundant if population declines necessitate management for sources of 
additive mortality.  
Non-significant Covariates  
While I selected covariates for inclusion in my model that were known drivers of 
prairie grouse populations in other portions of the species’ ranges, not all covariates 
appear to drive populations in the Sandhills. My expectation, had all proposed drivers 
explained variation in prairie grouse population growth rates in the Sandhills, is that 
every covariate would have been statistically significant in the global model, but the few 
that captured the most variation would receive support via indicator variable selection. 
Most of the environmental covariates I measured were not statistically significant in the 
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global model for either species. This lack of support for known population drivers may 
indicate that the covariates do not influence prairie grouse population growth in the 
Sandhills. Alternatively, the covariates are drivers of population growth and my modeling 
approach failed to capture their effect. This section explores the mechanisms that may 
have contributed to known prairie grouse population drivers not receiving support in my 
results.  
The Sandhills landscape is very different from the habitat conditions prairie 
grouse experience in much of the rest of their North American range. Most greater 
prairie-chicken and sharp-tailed grouse studies concerned with population drivers are 
conducted in locations where populations are declining in an effort to understand why. 
These are typically highly fragmented landscapes. The impact of population drivers may 
be more pronounced in areas where very little habitat is available to prairie grouse but 
buffered by intact grasslands because birds may be able to move to areas where 
conditions are more favorable. Population drivers that arise in fragmented habitat may 
not impact prairie grouse that inhabit contiguous landscapes.  
The impacts of environmental variables on population growth are typically 
studied in relation to a single vital rate like the number of offspring produced or the 
likelihood of mortality. The intrinsic rate of increase is a population parameter that 
combines fecundity and survival into one metric. Density dependent population growth in 
prairie grouse necessitates a trade-off between production and survival (Guthery and 
Shaw 2013). If a covariate has a directional effect on either fecundity or survival, but 
minimal influence on the other vital rate, density-dependent compensation may mask the 
effect of the covariate on the overall population growth rate. The drivers of prairie grouse 
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fecundity and survival in the Sandhills may differ from the determinants of the overall 
population growth rate given evidence of strong negative density dependence.  
Mismatches between the spatial scale at which environmental covariate data is 
modeled and influences population dynamics may result in my modeling framework 
failing to capture the effect of a predicted driver on prairie grouse population growth.  
Drought and winter severity indices are the only covariates represented at the route-
specific scale. Land-use and predation pressure data is aggregated at a county or regional 
scale because the data could not be obtained at a smaller spatial resolution for the entire 
time period of the breeding ground surveys. Covariate data at large scales is applied 
across routes and the individual survey transects are treated as spatial replicates. The 
spatial resolution of my indices may not be sufficient to capture the environmental 
variation on individual routes that influences population growth rates. Differences in the 
spatial scale at which the covariate and population data were collected also contribute to 
model error. This error is unavoidable given that the covariate data is not gathered in 
conjunction with the population data, but from sources that I accessed and incorporated 
opportunistically. However, the broad spatial scale of my covariate data and analyses are 
appropriate given that prairie grouse in Nebraska’s Sandhills are currently managed at a 
landscape scale.  
My modeling framework also does not allow the effect to of a covariate to vary 
throughout time, although grazing intensity and hay acreage are significantly correlated 
with time (D. Berger, Unpublished data). Covariate effects on population growth as 
represented in the literature are typically documented in short-term, localized studies. The 
significance of these effects during a segment of time may be diluted by increasing the 
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temporal scale over which environmental variables are considered if their influence is not 
uniform across time.  
Given that the influence of covariates may vary throughout time, the processes 
that have historically shaped populations may not be the same as the processes that 
presently drive populations. For example, market hunting once nearly drove prairie 
grouse in Nebraska to extinction, but today harvest has a negligible influence on 
populations (Powell et al. 2011).  While my study focused on historical drivers of prairie 
grouse population growth rates in the Sandhills, it is possible that the present population 
drivers are different from the forces that were influential in the past. Resource managers 
may want to consider only including more recent breeding ground survey data or 
allowing for time specific effects in the modeling framework before using the results to 
inform prairie grouse conservation in the Sandhills.  
Intrinsic Rate of Increase (r)  
The average intrinsic rate of increase values across time for greater prairie-
chickens and sharp-tailed grouse were positive for all routes (Tables 6.1 and 6.5) 
supporting the idea that prairie grouse populations in Nebraska have increased since 
1955. However, positive growth rates did not receive support on all routes (Tables 6.1 
and 6.5). The estimated mean growth rates across time from my models appeared 
biologically reasonable. All values were less than 0.6, my approximated maximum 
intrinsic rate of increase given estimates of survival and fecundity for prairie grouse. 
Growth rate parameters from my models should be interpreted cautiously because they 
may not be representative of the true population growth rate since count data was not 
corrected for detection probability (Ross et al. 2019).  
212 
 
   
 
 Support for positive growth rates on most sharp-tailed grouse routes contradict 
the results from Chapter 4 showing populations have remained stable or possibly declined 
over time in the Sandhills. The discrepancies between the results from the stochastic 
model in Chapter 4 and the state-space model in Chapter 6 may result because the 
Bayesian framework predicts population growth rates using covariate data even in the 
absence of breeding ground counts. While these predictions may be relatively accurate in 
the short term, uncertainty propagates with time. If count data is missing for a long period 
of time from a transect, predictions based on covariate data alone may no longer 
accurately represent population growth rates.  
However, inaccuracies in growth rate predictions most likely originate in the 
stochastic population model in Chapter 4 because it does not account for spatial variation 
in the count data or correct for observation error. The yearly counts from which 
population growth rates were derived represent an average number of grouse per transect 
observed across the Sandhills. Means as measures of central tendency are influenced by 
outlying values (Manikandan 2011). If a few routes where sharp-tailed grouse were 
observed experienced precipitous declines in counts, whether the real effects of 
population change or a residual effect of observation error, it would result in a lower 
across-route mean count. These artificially low mean counts may increase the number of 
years with negative population growth rates.  
Shifts in the spatial configuration of breeding ground survey routes over time may 
also have contributed to falling population growth rates in the pooled model described in 
Chapter 4. The north and west range shift of the sharp-tailed grouse population center in 
the Sandhills since the 1950s has resulted in a decline in mean breeding ground counts 
213 
 
   
 
because of the spatial distribution of survey routes. Six breeding ground routes are 
located in western Nebraska, and three in the northcentral part of the state compared to 
the eleven transects in the east and seven in southern Sandhills. Western and north-central 
routes are also inconsistently monitored because they are far from human population 
centers and primarily account for the abundance of a single species — sharp-tailed 
grouse. As the range of sharptails shifted north and west, a change supported by evidence 
provided in Chapter 4, the few routes in the western and northcentral Sandhills had 
higher counts, while counts on the eastern and southern routes gradually fell. The yearly 
mean sharptail count was estimated from many routes with declining counts and a few 
routes with increasing or stable counts. The range shift presented as a decline in the 
yearly mean count over time. Declining counts in subsequent years produced many years 
with negative population growth rates, resulting in a negative mean growth rate value on 
which the normal distribution of the stochastic model is centered. Fluctuations in the 
spatial configuration of routes surveyed between years may also have contributed to the 
evidence of a sharp-tailed grouse population decline in the pooled data. Analyzing 
breeding ground survey data in a spatially explicit manner will prevent interpretative 
errors that arise from looking at population changes across routes.  
The distribution of mean growth rates across breeding ground survey routes 
reveals that prairie-chicken and sharp-tailed grouse population centers are spatially 
segregated (Figures 6.1 and 6.6). Mean sharptail population growth rates are highest in 
the northwest Sandhills, while prairie-chicken populations have grown most quickly 
along the southern and eastern margins of the Sandhills. While the ranges of these two 
prairie grouse species overlap in the Sandhills, there population centers do not. Spatial 
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segregation of sharptails and prairie-chickens is likely the result of species-specific 
population drivers. The separation of prairie grouse population centers is advantageous 
for prairie grouse management in the Sandhills because species-specific conservation 
practices can be implemented without prioritizing the needs of one species over the other.  
Conclusion 
Long-term breeding ground survey data collected in the Sandhills of Nebraska 
revealed that the variation in prairie grouse population growth rates is best explained by 
species-specific population drivers. Density dependence and crop area explained the most 
variation in sharptail population growth rates with drought and grazing pressure also 
receiving support. Prairie-chicken growth rates were driven by density dependence and 
drought with grazing also strongly indicated. Biologists in the Sandhills need to 
reconsider their current strategy of managing prairie grouse as a single species and adopt 
co-management practices that address the unique resource needs of both sharptails and 
prairie-chickens. 
Co-managing for two species of conservation concern with competing resource 
needs in shared habitat may force resource managers to prioritize the preservation of one 
species over another. The population centers of sharp-tailed grouse and greater prairie-
chickens in the Sandhills presently do not overlap so species-specific management 
strategies can be applied with little threat to the abundance of the other prairie grouse. 
However, wildlife managers should be conscious of the fact that prairie-chickens and 
sharptails do have competing resource needs and population drivers. In shared range in 
the central Sandhills, management for one species of prairie grouse may have to be 
prioritized to the detriment of the other. If population centers continue to shift over time 
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and cease to be spatially segregated, management strategies should favor the species of 
prairie grouse with the best chance of long-term persistence in the Sandhills.  
Managing for the populations drivers of prairie grouse that are most important — 
density-dependence, cropland area, drought and grazing pressure — will be challenging 
in the Sandhills because the land is almost entirely privately owned (Henebry et al. 2005). 
However, economic forces that favor cattle over crop production in the Sandhills and 
conscientious ranchers who conservatively graze to protect the integrity of the ecosystem 
are currently helping to keep prairie grouse populations stable. The economic and cultural 
climate of the region has preserved a vast area of high-quality habitat for prairie grouse in 
the Sandhills, which will be the most important factor, moving forward, for ensuring their 
persistence in the Great Plains. Should the prevailing economic or social forces that 
govern the Sandhills begin to shift, resource managers need to be aware of the potentially 
destabilizing consequences for prairie grouse populations. In the present, resource 
managers should seek to implement cooperative conservation strategies that will benefit 
both prairie grouse populations and the bottom line of private landowners.  
Woody encroachment is a threat to grazing and prairie-population viability in the 
eastern Sandhills that ranchers and resource managers alike are eager to address. Eastern 
redcedar (Juniperus virginiana) encroachment along the eastern margin Sandhills 
(Donovan et al. 2018) poses a threat to prairie-chicken populations as their intolerance of 
woody cover may cause them to avoid using grasslands where these trees are present, 
representing a loss or fragmentation of their habitat. Cedars compete with grasses for 
water, nutrients and sunlight which can reduce forage availability and the value of land as 
pasture for cattle. Increasing the productivity of grasslands for prairie grouse and cattle 
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by controlling eastern red cedar is one example of a conservation measure that is 
mutually beneficial for both ranchers and prairie grouse. In the absence of large tracts of 
public land in the Sandhills on which to manage prairie grouse, resource managers can 
maximize their influence on populations by working together with landowners to meet 
shared habitat management objectives.  
Given the strength of negative density dependence for both sharptail and prairie-
chicken populations even in a large, intact grassland ecosystem, habitat loss and 
fragmentation are likely the most significant threats to prairie grouse in the Sandhills.  
The consequences of constraining prairie grouse to smaller areas of habitat should be 
kept in mind as the Sandhills are considered for wind energy development and oil 
pipeline construction. While the Sandhills may be an ideal location for energy 
infrastructure projects because they are an open expanse of land with few human 
inhabitants, the impacts of habitat loss and fragmentation on grassland species of 
conservation concern must also be considered. 
 In addition to loss of habitat, degradation of the Sandhills landscape could also 
exacerbate the effects of density dependence on prairie grouse as food and cover 
resources become increasingly scarce. Grazing is the primary land use in the Sandhills. 
My results show that stocking rates and possibly the grazing systems in which cattle 
utilize forage resources on the landscape have consequences for prairie grouse population 
growth. Stocking rates in the Sandhills have not been adjusted for changes in cattle 
weight over time, but stocking rates have increased since 1955, primarily as a result of 
weight change and not cattle numbers (Figure 5.5). Stocking rates should be adjusted for 
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cattle weight change to avoid overgrazing to preserve the integrity of grassland habitat 
for prairie grouse. 
 Global climate change is predicted to lead to hotter, drier conditions in the Great 
Plains (USGCRP 2018). Both species of prairie grouse respond negatively to drought 
conditions likely because of a reduction in habitat quality during dry years. Resource 
managers will have to be increasingly conscious of land use practices that interact with 
drought, like grazing and haying, and may further erode habitat quality for prairie grouse. 
 Additional research is needed to uncover the mechanisms regulating density 
dependence of prairie grouse in the Sandhills. While my results suggest that survival is 
density dependent for sharptails (Figure 4.21) and production for prairie-chickens (Figure 
4.20), further investigations should be made into potential resource limitations that may 
be affecting these vital rates. Resource managers may be able to reduce the strength of 
negative density dependence in a fixed area by increasing the amount of these scarce, 
limiting resources present on the landscape. 
 This research provides a framework for others who have conducted long-term 
prairie grouse breeding ground surveys to combine counts with environmental indices 
constructed from free, publicly available data sources to look at the processes driving 
populations in addition to population trends. This modeling approach could be used on 
any long-term, discrete time monitoring data with species-specific adjustments to the 
environmental covariates hypothesized to influence population growth. This Bayesian 
state-space modeling framework is flexible and can be adapted to address questions 
beyond historical population drivers. While in my work I included the full timeseries of 
monitoring data available for prairie grouse in Nebraska to gain insight into historical 
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drivers, using only the counts from recent years may provide resource managers with 
better understanding of the processes shaping prairie grouse populations in the present 
day. The model could also be modified to allow the effect of a covariate on population 
growth to vary with time. Including time effects would assist with the distinction between 
environmental variables that have influenced prairie grouse populations in the past and 
those that are most important in the present. While each environmental covariate, as 
modeled, is considered to act independently on prairie grouse population growth rates, 
the complexity of ecological interactions renders population drivers operating in isolation 
highly unlikely. Interaction effects may explain some of the unexplained variation in 
prairie grouse population growth rates and could be included in this modeling framework, 
if desired. My work demonstrates the power and promise of historical monitoring data for 
answering questions about population drivers when paired with environmental covariates 
in a Bayesian state-space modeling framework.  
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 Tables 
 
  
Route r Mean SD BCI Lower BCI Upper f 
(1) Antioch-Lisco 0.201 0.084 0.037 0.369 0.991* 
(2) Antioch North 0.238 0.096 0.068 0.454 0.995* 
(3) Arthur 0.235 0.088 0.074 0.425 0.998* 
(4) Atkinson 0.191 0.087 0.015 0.363 0.982* 
(5) Bassett 0.191 0.086 0.018 0.361 0.984* 
(6) Bessey NNF 0.210 0.091 0.034 0.396 0.990* 
(7) Chambers 0.187 0.096 -0.015 0.374 0.966 
(8) Dunning 0.186 0.094 -0.015 0.365 0.968 
(9) Ellsworth 0.224 0.094 0.049 0.428 0.992* 
(10) Ewing 0.200 0.093 0.012 0.388 0.980* 
(11) Johnstown 0.241 0.094 0.074 0.448 0.997* 
(12) Lakeside 0.234 0.092 0.070 0.435 0.997* 
(13) Mullen 0.178 0.091 -0.013 0.348 0.967 
(14) Nenzel 0.213 0.092 0.037 0.406 0.989* 
(15) Newport 0.163 0.090 -0.028 0.334 0.958 
(16) North Platte 0.189 0.091 0.004 0.366 0.977* 
(17) O’Neill 0.216 0.088 0.048 0.398 0.993* 
(18) Springview 0.228 0.097 0.051 0.437 0.992* 
(19) Sunday School 0.175 0.086 -0.005 0.340 0.972 
(20) Swan Lake 0.185 0.086 0.010 0.349 0.980* 
(21) Thedford 0.231 0.097 0.058 0.448 0.995* 
(22) Valentine 0.334 0.138 0.130 0.665 1.000* 
(23) Wheeler 0.179 0.090 -0.007 0.350 0.971 
(24) Whitman 0.255 0.100 0.087 0.481 0.998* 
(25) Wildhorse 0.176 0.087 -0.001 0.342 0.975 
Table 6.1: Sharp-tailed grouse intrinsic rate of increase means, standard deviations 
(SD), upper and lower Bayesian credible interval (BCI) bounds and f-statistic values 
across the survey period (1956-2018) from the Bayesian state-space global model with 
a Ricker process model where covariates help to explain process error in the intrinsic 
rate of increase. Asterisks next to the f-statistic values indicates that the population 
growth rate on a route is statistically different from zero. See Figure 4.1 for routes.   
 
 
230 
 
   
 
 
  
Route Epsilon Mean SD BCI Lower BCI Upper f 
(1) Antioch-Lisco -0.012 0.067 -0.153 0.123 0.573 
(2) Antioch North 0.026 0.075 -0.111 0.200 0.626 
(3) Arthur 0.024 0.070 -0.105 0.182 0.628 
(4) Atkinson -0.021 0.072 -0.181 0.117 0.608 
(5) Bassett -0.019 0.068 -0.173 0.106 0.602 
(6) Bessey NNF -0.001 0.073 -0.151 0.148 0.511 
(7) Chambers -0.022 0.081 -0.210 0.122 0.600 
(8) Dunning -0.023 0.078 -0.201 0.120 0.608 
(9) Ellsworth 0.015 0.075 -0.132 0.182 0.572 
(10) Ewing -0.011 0.075 -0.178 0.132 0.543 
(11) Johnstown 0.029 0.071 -0.100 0.191 0.657 
(12) Lakeside 0.024 0.072 -0.107 0.188 0.621 
(13) Mullen -0.033 0.076 -0.215 0.099 0.660 
(14) Nenzel 0.002 0.074 -0.147 0.160 0.507 
(15) Newport -0.048 0.076 -0.227 0.076 0.736 
(16) North Platte -0.022 0.074 -0.189 0.119 0.606 
(17) O’Neill 0.006 0.070 -0.140 0.155 0.539 
(18) Springview 0.017 0.076 -0.126 0.190 0.585 
(19) Sunday School -0.034 0.073 -0.202 0.095 0.674 
(20) Swan Lake -0.023 0.069 -0.179 0.105 0.624 
(21) Thedford 0.020 0.077 -0.121 0.196 0.596 
(22) Valentine 0.122 0.115 -0.032 0.403 0.906 
(23) Wheeler -0.031 0.072 -0.194 0.097 0.663 
(24) Whitman 0.043 0.079 -0.085 0.233 0.699 
(25) Wildhorse -0.032 0.073 -0.207 0.097 0.656 
Table 6.2: Sharp-tailed grouse epsilon means, standard deviations (SD), upper and 
lower Bayesian credible interval (BCI) bounds and f-statistic values across the survey 
period (1956-2018) from the Bayesian state-space global model with a Ricker process 
model where covariates help to explain process error in the intrinsic rate of increase 
and epsilon represents the process error not explained by the covariates. Asterisks next 
to the f-statistic values indicates that epsilon error term on a route is statistically 
different from zero. See Figure 4.1 for routes. 
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Model Weight 
density+crop 0.163 
density+crop+drought+drought2+grazing+grazing2 0.142 
density+crop+grazing +grazing2 0.140 
density+crop+drought+drought2 0.133 
density 0.092 
density+grazing+grazing2 0.079 
density+droughtdrought2 0.074 
density+drought+drought2+grazing+grazing2 0.067 
density+crp 0.054 
density+crp+grazing+grazing2 0.044 
Table 6.3: Sharp-tailed grouse top covariate models and their accumulated weights as 
determined by indicator variable selection applied in a Bayesian state-space 
framework where covariates explain process error in the intrinsic rate of increase in a 
Ricker population model. The weights indicate the percentage of times a model was 
selected as a top model across all iterations run.  
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Covariate Beta Mean SD BCI Lower BCI Upper f 
density (b1) -0.005 0.001 -0.007 -0.003 1.000* 
drought (b2) 0.000 0.031 -0.061 0.059 0.501 
winter (b3) 0.005 0.032 -0.058 0.067 0.561 
raptors (b4) -0.043 0.039 -0.120 0.034 0.866 
grazing (b5) -0.055 0.035 -0.123 0.013 0.940 
crops (b6) -0.084 0.041 -0.168 -0.005 0.981* 
hay (b7) -0.041 0.043 -0.125 0.043 0.831 
crp (b8) -0.032 0.033 -0.097 0.032 0.837 
harvest (b9) -0.075 0.035 -0.142 -0.005 0.983* 
drought2 (b10) 0.002 0.026 -0.049 0.053 0.530 
grazing2 (b11) -0.070 0.035 -0.138 -0.003 0.980* 
 
  
Table 6.4: Sharp-tailed grouse covariate means, standard deviations (SD), upper and 
lower Bayesian credible interval (BCI) bounds and f-statistic values from the 
Bayesian state-space global model with a Ricker process model where covariates help 
to explain process error in the intrinsic rate of increase. Means are calculated across 
all 25 sharptail survey routes and survey years from 1956 to 2018. Asterisks next to 
the f-statistic values indicates that the effect of a covariate on the population growth 
rate is statistically different from zero.  
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Route r Mean SD BCI Lower BCI Upper f 
(3) Arthur 0.124 0.092 -0.059 0.305 0.911 
(4) Atkinson 0.236 0.104 0.054 0.465 0.995* 
(5) Bassett 0.264 0.109 0.074 0.496 0.997* 
(6) Bessey NNF 0.184 0.093 0.007 0.380 0.979* 
(7) Chambers 0.143 0.104 -0.071 0.346 0.914 
(8) Dunning 0.182 0.097 -0.004 0.386 0.973 
(10) Ewing 0.141 0.101 -0.063 0.338 0.921 
(11) Johnstown 0.123 0.093 -0.061 0.307 0.907 
(13) Mullen 0.217 0.098 0.041 0.427 0.992* 
(14) Nenzel 0.051 0.129 -0.223 0.275 0.674 
(15) Newport 0.153 0.089 -0.020 0.328 0.960 
(16) North Platte 0.181 0.099 -0.009 0.386 0.969 
(17) O’Neill 0.204 0.099 0.022 0.418 0.985* 
(18) Springview 0.101 0.110 -0.130 0.301 0.823 
(19) Sunday School 0.193 0.090 0.026 0.381 0.987* 
(20) Swan Lake 0.300 0.122 0.094 0.557 0.999* 
(21) Thedford 0.108 0.105 -0.114 0.300 0.851 
(22) Valentine 0.206 0.089 0.039 0.391 0.991* 
(23) Wheeler 0.253 0.107 0.065 0.484 0.996* 
(25) Wildhorse 0.309 0.130 0.094 0.595 0.999* 
Table 6.5: Greater prairie-chicken intrinsic rate of increase means, standard deviations 
(SD), upper and lower Bayesian credible interval (BCI) bounds and f-statistic values 
across the survey period (1956-2018) from the Bayesian state-space global model with 
a Ricker process model where covariates help to explain process error in the intrinsic 
rate of increase. Asterisks next to the f-statistic values indicates that the population 
growth rate on a route is statistically different from zero. See Figure 4.1 for routes. 
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Route Epsilon Mean SD BCI Lower BCI Upper f 
(3) Arthur -0.054 0.085 -0.242 0.093 0.735 
(4) Atkinson 0.046 0.088 -0.108 0.242 0.693 
(5) Bassett 0.071 0.089 -0.078 0.271 0.788 
(6) Bessey NNF 0.001 0.080 -0.165 0.166 0.504 
(7) Chambers -0.037 0.093 -0.247 0.130 0.652 
(8) Dunning -0.003 0.082 -0.175 0.168 0.513 
(10) Ewing -0.037 0.086 -0.229 0.121 0.659 
(11) Johnstown -0.054 0.082 -0.235 0.090 0.740 
(13) Mullen 0.029 0.083 -0.124 0.215 0.632 
(14) Nenzel -0.117 0.120 -0.393 0.057 0.855 
(15) Newport -0.028 0.076 -0.193 0.117 0.645 
(16) North Platte -0.002 0.084 -0.173 0.176 0.514 
(17) O’Neill 0.016 0.083 -0.142 0.198 0.571 
(18) Springview -0.074 0.100 -0.305 0.083 0.769 
(19) Sunday School 0.007 0.075 -0.144 0.164 0.538 
(20) Swan Lake 0.103 0.103 -0.059 0.328 0.844 
(21) Thedford -0.066 0.097 -0.291 0.093 0.749 
(22) Valentine 0.019 0.075 -0.127 0.180 0.594 
(23) Wheeler 0.061 0.087 -0.088 0.256 0.755 
(25) Wildhorse 0.110 0.110 -0.057 0.356 0.860 
Table 6.6: Greater prairie-chicken epsilon means, standard deviations (SD), upper and 
lower Bayesian credible interval (BCI) bounds and f-statistic values across the survey 
period (1956-2018) from the Bayesian state-space global model with a Ricker process 
model where covariates help to explain process error in the intrinsic rate of increase 
and epsilon represents the process error not explained by the covariates. Asterisks next 
to the f-statistic values indicates that epsilon error term on a route is statistically 
different from zero.  
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Covariate Beta Mean SD BCI Lower BCI Upper f 
density (b1) -0.003 0.000 -0.004 -0.003 1.000* 
drought (b2) 0.046 0.021 0.005 0.089 0.987* 
winter (b3) 0.028 0.020 -0.011 0.068 0.918 
raptors (b4) -0.027 0.027 -0.079 0.026 0.845 
grazing (b5) 0.063 0.030 0.005 0.123 0.982* 
crops (b6) -0.005 0.037 -0.079 0.067 0.555 
hay (b7) -0.015 0.039 -0.093 0.062 0.649 
crp (b8) 0.047 0.023 0.002 0.092 0.979* 
harvest (b9) 0.042 0.024 -0.004 0.091 0.963 
drought2 (b10) 0.015 0.016 -0.017 0.047 0.825 
grazing2 (b11) 0.075 0.025 0.026 0.123 0.998* 
Table 6.7: Greater prairie-chicken covariate means, standard deviations (SD), upper 
and lower Bayesian credible interval (BCI) bounds and f-statistic values from the 
Bayesian state-space global model with a Ricker process model where covariates help 
to explain process error in the intrinsic rate of increase. Means are calculated across 
all 20 prairie-chicken survey routes and survey years from 1956 to 2018. Asterisks 
next to the f-statistic values indicates that the effect of a covariate on the population 
growth rate is statistically different from zero. 
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Model Weight 
density+drought 0.173 
density+drought+grazing+grazing2 0.161 
density+drought+drought2+grazing+grazing2 0.144 
density+drought+drought2 0.135 
density 0.134 
density+grazing 0.130 
Table 6.8: Greater prairie-chicken top covariate models and their accumulated weights 
as determined by indicator variable selection applied in a Bayesian state-space 
framework where covariates explain process error in the intrinsic rate of increase in a 
Ricker population model. The weights indicate the percentage of times a model was 
selected as a top model across all iterations run. 
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Figure 6.2: Negative density dependence trends in prairie grouse in the Sandhills of 
Nebraska, USA, illustrating how the intrinsic rate of increase declines with increasing 
abundance. The insets on the left and right show density dependence trends for sharp-tailed 
grouse and greater prairie-chickens respectively. The solid black trend line represents the 
mean density dependent covariate value from the global model of each species surrounded 
by dashed lines delineating the upper and lower bounds of the 95% credible intervals. The 
dotted line at zero represents a growth rate when the population is stable. Growth rate 
values above that line indicate the population is increase and values below that line indicate 
the population is decreasing. 
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Figure 6.3: Cropland index trends for sharp-tailed grouse in the Sandhills of Nebraska, 
USA, illustrating how the intrinsic rate of increase decreases with increasing cropland 
acreage. The solid black trend line represents the mean cropland covariate value from 
the global model of each species surrounded by dashed lines delineating the upper and 
lower bounds of the 95% credible intervals. The dotted line at zero represents a 
growth rate when the population is stable. Growth rate values above that line indicate 
the population is increase and values below that line indicate the population is 
decreasing.  
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Figure 6.4: Drought index trends prairie grouse in the Sandhills of Nebraska, USA, 
illustrating how the intrinsic rate of increase increases with increasing precipitation, 
represented by larger values of the drought index. The insets on the left and right 
show drought trends for sharp-tailed grouse and greater-prairie chickens respectively. 
The solid black trend line represents the mean drought covariate value from the 
global model of each species surrounded by dashed lines delineating the upper and 
lower bounds of the 95% credible intervals. The dotted line at zero represents a 
growth rate when the population is stable. Growth rate values above that line indicate 
the population is increase and values below that line indicate the population is 
decreasing. 
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Figure 6.5: Grazing index trends for prairie grouse in the Sandhills of Nebraska, USA, 
illustrating how the intrinsic rate of decreases in a negative quadratic manner for 
sharp-tailed grouse (inset on the left) and increases in a positive quadratic manner for 
greater prairie-chickens (inset on the right).  The solid black trend line represents the 
mean grazing pressure covariate value from the global model of each species 
surrounded by dashed lines delineating the upper and lower bounds of the 95% 
credible intervals. The dotted line at zero represents a growth rate when the population 
is stable. Growth rate values above that line indicate the population is increase and 
values below that line indicate the population is decreasing. 
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